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LIGHT FIELDS IN OHE OCEAN 
Edited by 

Doctor of Pnysical and Math- 
ematical Sciences V. N. Pelevin 
and Candidate of Geographical 
Sciences M. V. Rnzlyaninov* 

FOREWORD /b** 

Stucfy of lignt fields in the ocean is a basic problenr. of ocean optics. Al- 
tliough a light field in a turbid medium with assignea conditions of irradiation and 
prirary aydro-optical characteristics ceui be ocnputed fonally and conpletely, this 
calculation for the case of seawater actually encounters great difficulties. Tliis 
is not only associated with the fact tliat tliere is currently no effective method 
for solving tl"'e equations of transport for a very extended indicatrix and nonuniform 
turbid medium. The main reason is that in order to oonpute light fields in the sea 
witli applicable accuracy and detail, it is necessary to knew the prir.ary hydro- 
c^tical characteristics and wave action with accuracy tliat is not currently access- 
ible. The situation is ocirplicated even ' ore by the fact that we have a poor know- 
ledge of the polarization matrix of the scattering :‘n tne ocean, ana without its 
consideration it is urpossible to accurately determine not only tlie vxanoition of 

*P. P. Shirshov Iiiititute of Oceanology, USSR Acaaeiiy of Sciences. 

*'*i'iurtt)ers in margin indicate pagination in original foreign text. 
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polarization of bje light beam, but also its energetics. Direct mcasuienents of 
tlie brightness and polarization diaractcristics of tlie lignt field in the ocean, 
processes of transformation of tlie light stream on the surface of tne ocean, anal- 
ysis of tiiese phenomena in relation to the factors vrtiich form tliem are tlierefore 
of great importance. This oollecticai refers precisely to this circle of questions. 

It contains results of theoretical and experimental studies of light dispersion in 
ocean water and on the boundary lietween the ocean and the atmosphere, The articles 
were written by colleagues from tlie P. P. Sliirshov Institute of Oceanology of the 
USSR Acadeny of Sciences, tlie Marine Hydrophysical Institute of the USSR Acaoemy of 
Sciences, tlie V. I. Lenin All-Union Electrical Engineering Institute, and other orga- 
nizations involved in questions of ocean optics. 

liie material has been grouped into tiiree sections. 

1. Theoretical and experimental studies of tlie field of solcu: raoiation in the 
ocean. 

2. Study of stationary and nonstationary light fields createa in tiie sea by 
artificial sources. 

3. Use of optical mstnods to studi' biological and hydrodynamic characteristics 
of the sea. 

This collection is of undoubted inportance not only for scientific workers, /6 

engineers, graduate students and students involved in ocean optics, optics of turbid 
media, long-range methods of studying natural waters, but also for all individuals 
interested in oceanography and its numerous applications. 

K. S. Sliifrin, Ueau of tlie Laboratory 
of Optics of the Ocean and Atmiospdiere , 
Professor, Doctor of Pliysical and Math- 
enatical Sciences 
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1. IHBORErnCAL AND EXPERZfCMTAL STUDY OF THE FIELD OF SOLAR RADIATION 
IN TIE OCEAN (GENERAL AND REGIONAL ASPECTS) 

ASYMPTOTIC DISTRIBUTION OF BRIGHTNESS IN A MEDIUM WITH 
FXIENDED SCATTERIIX; INDICATRIX. A. V. BYALKO 


This Mork obtains an approximate analytical solution to the transport 
equation for a deep-sea regime. It is used as the basis to find an esqpression 
for the nonstationary distribution of briefness in a medium when it is 
illuninated by a momentary light pulse. 

1. INTRODUCTION 

For certain media, in particular, for aerosols and seawater, the volumetric 
scattering function a(y) is distinguished by excessive extension forward, governed 
diffraction on large particles. The 0 (O)/o(Tr) ratio in the sea has an order of 
10^ [1]. This circumstance iitpairs the application of standard methods for solving 
the transport equation [2] which use e)q>ansion according to Legendre polynomials, 
since in this case harmonics with very high numbers must be taken into account. 

Precise analytical solution to the transport equation is appcurently inpossible. 
With the current development of computer equipment there is no basic difficulty in 
obtaining precise numerical solutions. However, an inevitable shortcoming in these 
solutions in this case is their limited generality, associated with the large number 
of functions and parameters of the task. In fact, we will determine the dimensionality 
of the oonplete transport pr<±»lem in a uniform semi-infinite medium, that is the 
number of variables on vhich the brininess of radiation depends. These are depth z, 
zenith angle 0, azimuth (p, wavelength y, and boundary condition, the initial angle 
of radiation incidence 0 q, a total of five for the stationary problem, and together 
with time, a total of six for the nonstationary. This high dimensionality of the 
task plus the need to fix one function, the scattering indicatrix of the medium, 
in the numerical calculation makes it very difficult to extract practical infor- 
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maticxi from individual accurate numerical solutions. 


This same circunetanoe to a considerable measure depreciates the approximate 
solutions wliose result is ocnplicated and requires tlie use of oatputers for ccxn- 
parison with the experiment. 

Ihesc difficulties result in the need to sirnplify the task and reduce the 
nunter of variables through reducing the generality. It is well kncwn [2] that the /g, 
transport equation has an asynptotic soluticxi for the case of a de^-sea regime. 

Tliis solution does not depend on the boundary conditions, that is, on tne angle of 
incidence. It possesses a cylindrical synmetry, tliat is, ctoes not depend on tlie 
azimuth <J>. Tlius, the dimensionality of the task is reduced to three in the stationary, 
anct four in tlie nonstationary cases. In addition, tlie variable z is separated frcsn 
® . The wavelength ^ is usually a functional peurameter of tiie task, since in calcu- 
lating radiation transport in tlie sea, the scattering processes with change in wave- 
lengtli (fluorescence) are generally ignored. There are accurate numerical solutions 
for model extended indicatrixes [3, 4], and an approximate analytical solution [5] 
for a randcxn extended indicatrix. The solution that will be found in tiiis work, is 
similar in degree of i'^proximation of the solution of V. V. Sobolev [5] , but it 
differs in form, having further application in mind. According to the theorem of 
Minin , a tenporal Laplace transform from nonstationary response to a nonentary im- 
pulse can be obtained for a certain stationary solution. Conversion of tne .Laplace 
transform is really only possible for a limited set of analytical functions. There 
are currently no reliable methods for numerical conversion. The asynptotic solu- 
tion of the transport equation vhich will be found here makes it possible to use 
Minin's metliod to obtain a fairly simple analytical solution to the nonstationary 
task in a deep-sea regime. The accuracy of the stationary solution will be eval- 
uated by ccrparing it with certain numerical solutions for model indicatrixes [3, 

4] . The physical meaning and degree of approximateness of the nonstationeu:^' solution 
are discussed in tlie conclusion. 
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2. Al’l'HDXIVA'lT. SOIiJTION TO '11112 TRANSFORl’ I2QUATI0N 
TOR m HXIHmDDD SGA’riT:RING INDICATRIX 


The transport cxjuation for radiation brightness B(z, n) without consider ation 
for polarization and the fluorescence phenomena looks like; 

(on)” = (n + x)B+ i'(i(y)B(z. n')do' (2.1) 

Oi 

Here o =- i n ( y i do and h — resj^iectively the indicators of scattering and absorption — 

functions of length, e -single vector directed on the z-axis, y= arccrs(nn') — scat- 
tering angle. In the case of cylindrical synmetry, briglitness B depends on tlie 
zenith angle 0 arcoos (ne) . 


M. Wang and £. Guth [u] nave obtained from this equation differential equation 
of the Fokker-Planck type, by using expansion according to snellness of the scattering 
angle y. 

J_ ,4 "Hd- J-B-o — [(I - — 1 ^ 

( 2 . 2 ) 


- -i f (d -|i»)^p] ^ 

X di i 0}t 1. J 


Here n—cos0 — ne; ~ j o(v) s(n*Y/2»invrfY 

A necessary oondition for the applicability of this ^proximation is the small- 
ness of the parameter q. Its physical meaning for the extended indicatrixes is the 
average square of the scattering angle <?— <Y*>M* 


For real indicatrixes of seawater, because of their drastic extension forward, 
q has an order of 10“^. 


We will discuss the question of the steady-state deep-sea distrihi^tion of bright- 
ness, if the indicatrix is sharply extended forward. With each act of scattering, 
redistribution of the brightness body occurs, diffusion of radiation over the angles. 
In this case, the average square of the angle within vddch distribution was estab- 
lished which is close to equilibrium, rises linearly, increasing with each act of 


scattering witii a quantity on tlie order of tlioreforo, the deep-sea 

regime for all directions occurs with a nunticr of acts of scattering greater than 

and correspondingly, tl>e depth at which the asyrptotic regime is iirplemented , 
must satisfy the inetjuality (2.3) 

Kitli an acutely-directed indicatrix, that is, with small q, as will be seen 
belcw, tile deep-sea body of brightness is very extended. Hiis makes it possible to 
consider that tlie asyn^'totic distribution witliin tiie zenitii angle o was established 
after 'i' acts of scattering, that is at deptii i:>^„ ~ Ihe dist- 

ribution wliich was establisiicd at smaller angles, will furtlicr be weakly distorted, 
since tne relative quantity of light energy that is redistributed at great deptii in 
a direction close to the nadir is small. 

Vte wil? seardi for tiie asymptotic solution to equation (2.2) in the form 
B |i) -S(x) exp (- tri const exp (— az + «Hx)). 

here x-cosB/2. fi»« 2x^—1 and a — still unknown deep-sea indicator of attenuation, 

a certain function of tiie parametcors of tiie task q, a and x. in order to find a , we 
can use the precise correiation which is easily obtained by integrating for tiie angles 
of the original equation (2.1) ; 

u-x I r B(M*)|idM. 

We hypothesize (and cnis is confirmed after the solution is obtained) tiiat tne 
characteristic change in this function iji (x) by magnitude is much greater tlian 

om . This means tiiat the "asynptotic brightness body" is very extended. 

B 

we will make tiie substitution t(x)~Cj/(x) dx into equation (1.2). we tiien obtain /lO^ 
tiie following equation for tiie func±ion f(x) 

I ^ : L_- , L:'. , i f ' (2.5) 

[ j 3 X*) (i JX (i \(1- \*) 
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Wo will new oonsidor that the large quantify of tlie function (x) is defined 
as the parameter G which is large as oespared to me , while the characteristic 
quantity f(x) and its derivativ’e are on tlie order of one . 'Then in the right aide 
of equation (2.5) , tlie first tenn is cxi the order of oj-»e , the others are snail, 
wiiile the left side in tlie denaninator contains the predict c2q, which we will con~ 
aider to be equal to one. 


We will select tiie value of paramster G such tliat in tlie left side of equation 

(2.5) the part which is whole for x will be equal in accuracy to on^' 

0 *™ ( 2 . 6 ) 
oq 

Since tl\e function >*'(x) was e^ressed as the product of two new un)<nowns, the 
unambiguity of the deterndnution is introduced only by condition (2.6) . At tliis 
stage, G is expressed through the unJenewn deep-sea indicator « . However, after 
solving the equation, a witli the help of (2.4) will be found in tJie fonr of an expan- 
sion of G“^. This will make it possible to corpute the actual parameter G through 

primary hydro-optical characteristics. 


We will present the quantity > • with regard for (2.4) as an expansion of 

tne small parameter G“^ witli indefinite coefficients 

«- X _ f M 1— ,\) C.xp(<f(x)) (!', £1 (2.7) 

2a u G O’ 

\ t\p(<f(x)) dx 


After substituting ej^ansion (2.7), witli regard for (2.6) into equation (2.5), 
it will adopt tlie appearance. 


J + ilii 

' 0 Ik G x(1- \’) 


= 1 


Hi 


till 


( 2 . 8 ) 


Here terms on the order of G"^ are emitted, tlierefore tlie solution to this equation 
must be sought in the form of an e:ponenticd series G“^, limited to tne first order: 
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/( N) ♦ 0 '/l(X) t 

In the zero approxijnaviA^n wo have fo^ "1? fo ■ 1* *nie solution with negative sign 
results in a negative value of a , which is not of interest for the sen>i-infinite 
nediuni. 

After substituting tiie zero c^roximation into correlation (2.7) — (i|/(x) ■ Const /\1 
+ x) , we ooni>ute the coefficient with the first term of the expansion: a^ ■ 2. By 

using tliis value in (2.8) , we find the following approximation for f(x): 

TT7 17’ 

The area of applicability for x of the obtair:ed solution is found from the 
requirement of smallness of the first term in the expansion as oonparod to zero: 

G X -3 G ci)!> “ 1 (2.9) 

Tlius, the solution is correct for a fairly large region of angles cind is inapplic- 
able only for the directions close to the nadir. Returning to tlie distribution of 
brightness, that is, by corputing the indefinite integral for the function ijj (x) , we 
obtain: 

=^tfxp{-G (1 c. ^ ) (u’|. (2.10) 

( 1 + ^,■o^ — I I cos 2~ 


ai 


By using function fj^(x) we can oonpute the coefficient a 2 in the expansion (2.7) 

/i f 2 \ * 

4. This yields following linlc between G and a ; — M — j 


After uniting t is formula with the definition of G (2.6) , we will e:q>ress G , « 
and consequently, the solution to (2.10) of the transport equation through the 
primary h^xlro-optical cnaracteristics: 


0- I' 

^ A(? 


+ 2 . 


( 2 . 11 ) 


= x 1 


U = X 


4 I ^ 

f A- A 


+ -V 


A<? 

(I- A) 
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I ere A« ~parawet#>': of survival of the quantum. 

It was thus found that in ttio small -angular approxin\ation , distriliution of 
uriglitncss in tie oecp-aca regiae, ana t.ie deep-sea indicator of attenuation a 
depend on cMie oont^ination of primary nydro-optical diaracteristics A>=o<y^>/4x. 

It is ^Jtportant diat precisely this isarameter was enpirically introouuea 17) as 
tie ocmbitetion of oonstantc v/aich aetermines tixe ligiit fiela in the deep-sea regime^ 
as well as the field of the isotroolc source 

Tie parameter G in tie case a ^ 1/ is actually much larger tnan one tecause 
of tlie snallness of q for very extended indicatrixes . The derivative of tie function / 12 
v(x) in this case is tlerefore a large quantity, tliat is, the asynfJtotic form of the 
brightness body is actually very extended, as was assumed in obtainiiig the solution. 

3. CCMPARISON OF THE OBTAINED SOUJTICN V«TH OTHER 
TII-ORLTICAL SOLUTIONS FOR MDDEL INDICATRIXES 


We will compare tie solution (2.10) depending on (2.1]) with certain results of 
numerical calculations for model extended indicatrixes. The vork of V. Sobolev 13J 


iias obtained a solution for indicatrixes of tlie type 


■l.t ff(y) 
(I 


(I 4-cosy) "• 


(3.1) 


Ihe most expendeu of t*e caiculaied indicatrixes aas the parameter n = 4. Public 
ation [3] solved the inverse probleiri: the values of the parameter of tne oeep- sea 

regime r»(|— ,\)-l were initial, but tliey were usea to oonpute the probability of 
survival of the photon A anu ttie coefficients in Legendre's polynonials . In partic- 
ular, it was found for r= 0.4 that a= U.856 and tlie distribution of brigatness in 

tlie Oeep sea regime looked like: 

^ Q I ^-0.7,’’i co8e-f0.|i|6P,(cosS) 4-0.06 Pacos «) (3.2) 
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Wo obtain the cjuantities of paramoters for tho solution to this work for the 
same value A; 

— --5 -0.167; C - I 342: - -2,903. 

Coitparison of tlie brigatness distribution of (3.2) and (2.10) with G = 4.B42 

demonstratca that discrepancy between tne precise solution ana tiie given approximation 

in tne eaitire range of angles Gcos-<I is in limits of tneoretical error G”’^ = 20%. 

2 

Cfcrputation of the pariuneter of oeep-sea regime 

r-(l \) ^ -l -A-f I 2(i.\{\-\)+q (3.3) 

for this same indicatrix results in the value r = 0.418 instead of the precise 0.4. 

In order to be convinced that the error in formula (3.3) which was obtained 
based on the solution to (2.11) of tJiis work, is uniform in the entire range of /13 

change in A, tnis relationsiiip was conpared wi.th results of accurate calculations 
for Haney -Greenstein indicatrixes [4] : 

. (3 4) 

0 (Ic- t2g co»Y+j’)*'* * ^ 

Tne most extended of tiie calculated indicatrixes corresponds to tiie parameter 
q = 0.95. Tne value q for tiie indicatrix (3.4) equals -0,025. Convarison 

of tJie relati{,:nsiiip (3.3) witii tire results of tnese calculations shows tliat tlie 
relative error in formula ^3.3) is uniform in tire entire range 0 <A< 1. 

Urus, Lotn formula (2.10) for brightness distribution and formula (2.11) for 
tiie deep-sea indicator of attenuation are approximate analytical ejqpressions wliicri 
have relative error on the order G“^. Hie basically possible refinement of these 
formulas, that is, finding the following terms in the expansion for G"^, is hardly 
justified, since the formulas in this case will beocme so cumbersome that the possi- 
bility of rapid assessment is lost. 
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4. DISimiiUTIONS CS’ URIGIflTJIiSS 


'Hie briyhtneas uistributions during irradiation of tlie medium by a stream of 
radiation tliat varies ii. tine are provided by solution to tlio nonstationai-y tx-ans- 
t»rt ajuation. We will introduco tne dimeiisionless oeptli- optical tiiicknoss i ® i 
(o + k) anu tile dimensionless time u = ct( n -f x )/c — speed of light in ' lie ireuiun) . 

'Hie iKinstationary transport equation of tliese variables looks like: 

(\ \ ± +cose-^)fl(ii.t.e)-A|’ fl(u.T.B')- •lo'. 

V du dt ' • * 

If Llie solution to tlio stationary task is kncAvn, tlion tiie solution to tJie temp- 
oral eejuation witli tJie same geometry wliidi represents a response of tlio medium to 
tile mcnientary inpulse of radiation, is provided by tlio tluKireni of 1. N. Ndnin [d] : 
in tlie stationary' solution it is necessary' to replace i by i (1 + p) , and A by A(1 + p)"-* 
'llien tlie inverse transform of Laplaoe is made for tlie i-iaraneter p. 'ilie function of 
Green wiiidi is tJius detained makes it ^xDssible to solve tlie ixinstationary task witii 
rcmdtmi bounaar"y conditions. 


We will use tJie obtained stationary solution to find tenporal distributions of 
brightness of ueep-sea rixjiiie wi*-Ji acutely- directed indicatrix. VJb will wr ite tJie 
solutic'i to (2.7) for small zeiiitn angles after standardiicinq it for tne incident 
stream witii tlie use of explicit expressions of tlie parameter G ana tne tieep indicator 
of attenuation tlirougli tlie probability of survival of tlie plioton 

'> I'xp { 2(1 cosW/‘2) 

: I (I ' 


I 8(1 \R\7/(I cosH/2) tM -All 2:/A(r-Al}- 

Vib will mako tlie indicatea replacement and will tlius obtain tne baplace trans- /U 

form frar. tlie response to tne nemontary impulse; 

flp(T.Hi-=a),(H)ltW-» 8Tpb l~\)/-W t(p+l* A) 

* R \ p-l - 1 a} 
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IkJino wu will intKxiua 2 tiie aesignations 


R(r,(-M 




i 2A<| 


l!i) < \p ; ■'J( I co^ H/i» 1 , 
l.'i ('!• I oos H/;.’) j/ ii)'< 

l-'H/AqiA C(isH/2); r>(A(|) ' 


In *.ulfilliny the inverse Laplaces transfonu, we obtain tne distributions of 
brightness wiiich depend on thne, witn irradiation of tiie medium by a monentary pulse: 

(4.3) 


•J| n 


V’ I «/A</ 


(H r| 


X o.xp 


(I A)U 


J^_ 

I (u 


; (/ T, /?>l 


Ihe ten|X)ral asymptotics of the solution coincide with tlie asynptotica for a 
semi-infinite nediuin wiiiai is found in the diffuse approxination (9J : 

li \ii r)'* ^ exp{ (1 A) »1 

'hie function R( i, ) cliaracterizes tJie curx'ature of tlie anterior front of tJie 
arriving inpulse and tiie etiergy of tiie received signal. V.'itli an increase in deptli 
or zenitJi angle, tiie received impulse beccmes ncre gently sloping. Tlie moment of 
arrival of tiie maximum signal u,,^jx^ i + R^/b. 


ttimiula (3.3) provides tiie approximate aistribution of brightness in tlie deep- 
sea regine from tlie inpulse broaa ligiit beam. Strictly speaking, in order to justify 
tiie use of Minin tiieorem for tne cisymptotic deep-sea reginc, one slioulo first of all 
show that tlie nonstationary equation has a certain asymptotic solution. In tliis 
work, tliis circunstanco is a hiT-xitliesis . It is inportant to oorpare fomuila (3.3) 
witii tlie experimental data. In tlie work of tnis collection [10], by using tlie /I 

results of measuring the shape of tlie pulse of underwater irradiation from a laser 
source. Green's function was conputed, tliat is, tlie response to tlie momentary pulse 
for a broad directed light beam. Integration by angles in order to obtabi tlie under- 
water irradiation fraii (3.4) is difficult in a general fom. V«e will use tiie fact 
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: 


tl\at for the small angles of o vdiidi make tlie main contribution to tlie integral of 
underwater irradiation, the second term for R(i,0 ) is nuch smaller than the first, 
and thus, R practically does not depend on tlie angle o: I since in [10] 

the results are presentee for norming for the maximun, we will act in a sijnilar manner. 
Ihen, returning to tlie dimensional quantities, we obtain for tiie underwater irra- 
diation in the deep-sea regime 


r, (I, c) -Const 


j W/_C2£)£ 

(Cl :)'• ‘ 



X cl 


2{ct~i) 


For comparisons witli results of [10] , the indicators of absorption and scattering 
were assuned to be tlie same: I' — o f x -0, 14 m~'; A = o/f - 0.75, tlie coefficient q was 

selected as equal to 0.0214 from the condition of coincidence of tlie moment of tlie 
maxinvmi for tlie deptli 100 m. Ihis value q corresponds to ‘'y'- ^ 0,0857 . This 

agrees fairly well witli the characteristic quantity • ,y*> O.l for tlie inaicatrix of 
tlie open part of tlie Indian Ocean. Graphs of tlie pulses whidi were nomied for the 
iiBxijr.um are presented for aeptlis 50, 75 and 100 m in tlie figure. 



Figure, /^proximate Analytical Functions 

of Green, Momentary Pulse of Broad 
Directional Beam for Deptlis; 1 — 
z = 100 m, 2— z = 75 m, 3 — z = 50 m, 
with r = 0.14 m“i, ^ = 0.75, q = 0.0214 
(conpare with Figure 6 of publication 
[10] of this collection) . Hie pulses 
were normed for tlie maximim. The time 
axis is in ns and dimensionless vari- 
able u = , ct. 
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SPBCnVIi (mRACIERISTICS OF OHE FIELD OF SOLAR RADIATION 
IN 'HIE SEA AND ABOVE ITS SURFACE. V. N. PELEVIN 


Correlations are established between the spectral characteristics of a 
light field in the ocean and ^U»ve its surface. Index of vertical atten- 
uation alX, coefficient of diffuse reflection RX and coefficient of bright- 
ness of the se<x surface pX. 

It is shown that knowledge of the optical water ^pe index m » 100 
a4’5Qo is sufficient to evaluate the spectral courses and values of RX and pX. 
On the other hand^ measurement of c»ie value RX or pX in the blue spectnm 
region or the pXj/pXa ratio (similarily for R 1 /R 2 ) for both radiation wave- 
lengths selected in the short wavelength and long wavelength spectral 
regicxis, makes it possible to evaluate the optical water type index m, the 
spectral attenuation of solar light over the entire spectrum, and other 
characteristics of light fields in the ocean. Hie described relationships 
comprise the basis for constructing a one-parametric model of the field of 
solar radiation in the ocean and cibove its surface. 


Statistical relationships are found in a number of cases between diff- 
erent optical characteristics of the field of solar radiation in the sea, or 
values of one quanti^, but taken in different parts of the spectrum. Hiose 
relationships are not very sensitive to the illumination conditions of the 
sea surface and are mainly governed by the opticfil properties of sea water 
together with the substances dissolved and suspended in it. Hie existence 
of these relationships afford the possibility of evaluating the importance 
of a number of unknown characteristics and their expected spectral courses 
from a limited number of known quantities, sometimes one 
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numerical quantity. For exanple, N. Yerlov [IJ draw attention to the fact that 
tJie values of tiic vertical attenuation index « [21 for different \ are not inter- 

dependent. This permitted him to suggest classification of ocean water according 
to spectral attenuation of the solar radiation flux [1, 3] . More detailed measure- 
ments [4, 5) pemittod a:irrections to be made in the attenuation curves suggested 
by Yerlov, tind in the final analysis, to suggest a new, refined classification of 
ocean water according to sixjctral attenuation of solar radiation in tlie near-surface 
mass of oceaii water [ 6 ] . In particular, tlie drastic discreteness (gradation) was 
eliminated in tlie distribution of ocean water according to optical types. An index 
of water type equal to a ^ j 3 (jq was introd.uoed (wita decimal base for a ^ ^ • It 
used to evaluate tJie expected course of ^ for the given water for tlie entire 
visible spectrum of radiation according to a nomogrcim given in [bl , witn evaluation 
of dispersion in different parts of the spectrum. Table 13 of [7] presents tiie 
values of for water cliaractorized by tlie index m = 100 500 - "Axie table conv" 

letely corresponds to tlie indicated nomogram. Tire index values cliange smootnly over 
tlie water area in tire Pacific Ocean. The index changes in tire interval from 1.1 to 
9.0. 


Publication [7] gives air evaluation of tire spectral distribution of underwater 
irradianQc at different depths, as well as attenuation of the entire flux of solar 
radiation witJr depth cind thickness of tire photosyntiretically active layer of sea 
water depending on tire value of the optical index of water type. 

Hris work will examine tire spectral distribution of other quantities, tire 
coefficient of diffuse reflection of light by tire sea R \, and the coefficient of 
brightness of tire sea surface at tire nadir pa [2], as well as tire interrelationship 
of tirese two quantities witlr tire index of water type according to tire meirtioned new 
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classification. Experimental data were used [4, 5] that were obtained by instru- 
ments with resolution for the spectrum no less than 6 - 8 nn. Processing of the 
data indicated that die values of tlie coefficient Rx , its spectral course in the 
surfa(» layer of the ocean water with high sun (h ■> 45“) correlate well with the 
index of water type. Figure 1 plots the values of R\ witii \ = 430 nm, and for the 
interval 510 - 530 nm from measurements in different regions of the Pacific, Atlantic 
and Indian Oceans. The corresponding values of the water type index are plotted on 
tile x-axis. It is apparent from Figure 1 that in die transition from very clean 
water to more turbid (to an index equal to 3.0) R 510-530 J^ises, while R 430 deo.eases 
intensively. For even more turbid waters with £ui index greater than 3.0,R53 q„53q 

is maintainea unclianged on the average with large oispersion of the R values, while 
R43P (blue area of die spectrum) continues to diminisn stably. Hie curves given in 
Figure 1 aure intersected with a index value 4 - 4.5, in cleain vraters R430 ■' %10-530' 
while in turbid waters die opposite correlacion is observed. 

An explanation for these relationships can be seen in die following. Hie co- 

D 

efficient of diffuse reflection [9, 8], where tu — .index of back- 

scat teriii^ into the hemisphere 2 n, — absorption index. In clean water, light absorp- 
tion blue region of die spectrum is lew. This governs the liigh values of 

R in this spectral region. Light absorption by clean water in the longer wave- 

\ 

lengdi regicai of die spectrum rises, while scattering in clean water approadies the 
Rayleigh, i.e., orastically diminishes widi an increase in wavelength. These circum- 
stances jointly result in die fact that R5io-530‘-'<^340’ • 

Increase in die water type index in diis water area is associated widi the 
appearance of a noticeable quantity of suspended and dissolved material, primarily 
of organic origin. In diis case absorption in the blue region of the spectrum by 
chlorophyll, and otner pigments of phytoplankton, pliecpnytin and dissolved substances 
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Figure 1. Dependence of Coefficient of Diffuse 
Reflection R ^ witli ^ = 430 nm (1) 
and \ = 510 - 530 nm (2) on Water Type 
Index m - 100 4 ^qq . 

of organic origin ("yellow substance") . As a result R x is intensively reduced in 
the blue spectral region with an increase in the water type index. In tne green 
spectral region, different factors influencing the Rx value conpensate for each 
other to a considerable degree. Light absorption by pigments of phytoplanltton ana 

/ 19 . 

"yellow substance" in the green region iiicreases to a considerably lower aegree than 
in the blue. At the same time, scattering, and in particuleu:, tiie back-scattering 
index 3 \ rises over tlie entire spectruni wltJi an increase in concentration of 
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suspension^ tl^refore R 510-530 rises wit±i an increase in the water type index. In 
very turbid waters, nonselective light absorption by "dirty” or "gray" suspension 
[10] plays a large role. Ihe different contribution from this factor to tlie quan- 
tity K. in different waters governs the high dispersion of R 510-530 i” turbid waters. 

In order to evaluate the spectral course of R ,\ in a broad interval of X , the 
average values of R;^ were ocnputed according to sarplings corresponding to narrow 
intervals of tlie water type index and referrijig to tne most diverse ocean waters, 
see Figure 2. For the sarnplings (each numbering from b to 12 spectral curves) the 
standard deviations iii R^^ from the average are plotted on both sides of the figure. 
Ihe figure caption indicates tlie corresponding intf^rvals of the water type index m = 

100 U <5QQ. 

It is apparent from Figure 2 how strongly R differs in the blue spectral 
region (this circumstance is well )cnawn, see for exairple [11 • An iitportant fact 
tliat should be taken into consideration is tlie systeriatic c’ecrease in the curves R^ 
in tire spectral zone near 430 nm which is created by tiic blue band of absorption cr 
chlorcphyll and its accompanying pigments (for tire first observations and explana- 
tion of tliis phenomenon see ['*)). 

The values R\ in tlie green spectral region differ less for different waters. 

This oorresponds to vhat has been said above. In the longer wavelengtli yellow spec- 
tral region, a systenatic rise in R^ is observed witJi an increase in tiie water type 
index (see also [11] ) . 

Tine data presented in Figure 2 nnkes it possit'le to fulfill tlie task set above, 
to evaluate the values of R in different spectral regions according to the known 

A 

quantity m = 100 witli evaluation of tlie expected dispersion of the result. 
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Figure 2. Dependence of R\ on Average R \ are given from 
sanplings which differ in the values of the water 
type index m; 1 — values of index m = 1.17 • 1.35, 

2—1.5 - 1.6, 3—2.0 - 2.5, 4--2.7 - 3.7, 5—5.8 - 
6.4, b~”0.8 — 10.5. 

By using the same grapli, one can solve tlie inverse task, to evaluate tlie water type 
index from the values in tlie blue siJectral region, or in relation to R;^ meas- 
ured in two spectral intervals. The necessary further set of experimental data 
will make it possible to pin^x^int the course of tlie curves in Figure 2 and the 
values of dispersions. 
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B I 

Iho spectral course of tlw brightness coefficient of the sea “ "jjl^ , 

where B — brightness of the radiation emerging from t^»e sea mass (during obser- 
vation above the water surface at the nadir ) , brightness of the white horizontal 
diffuser illuminated by the sun and light of the sky, oorresponds in general features 
to the spectral course of R ^ under the surface of tiie sea, but tliese two amounts 
quantitatively differ. We will use the correlation presented in [8] ; 

|K -0.r)3K”'A?k . (1) 

K- B (2) 

lii) 


In ( 0 ,( 1 )) — subsurface distribution of brightness (integration is done for the lower 
hemisphere, i.e., for ascending radiation) . The coefficient K does not differ strongly 
froTi oin» . Vvitii isotropic ascending radiation K = 1. Publication (8j Jias recom- 
r.ended tliat tne following eri^-drical relatiavsh =p be uoed in tiie interval 0.007 p 
0.07 to assess the value of K 


Hkj stcindard deviation of K in calcuxations for (3) for the available experi- /^1 
mental data (lo points) was 8%. The dependence of k on o reejuires furtlier refinement. 


By usinn tlie data for R)^ presented in Figure 2, and correlation (1) one can 
conv>ute tlie spectral course of t' ^ for not too turbid ocean waters (witJi bidex 100 
u^.^Oo ^ more turbid waters, tne p values go beyond the limits of applicability 

of (3). Hie data of this calculation are given in Figure 3. Hie course of pre- 

sented in tlie figure explains the natural color of tlie sea in different waters; very 
clean waters — blue, senetimes violet, while with an increase in tlie quantity of dis- 
solved and suspended substcuices, tlie color of tlie sea beocmes green. Hiere is a 
tendency for furtiier cliange in color (in tlie long wavelengtli region of the spectrum) 
with an increase in the index of water type. Hie general spectral course of 
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wttldi is ociifxttod by tl)o indicated metlK^d, corresponds to that wnicit was obtained 
by direct neasuronents (oonvare witli (8, 11, 12]) . 



Fiyure 3. Dependence of Brightness Coefficient of Sea 

Surface ^ on \ . Average p ^ are given f ron^ 
sanplings of different values of the index of 
water type m = 100 n !• -values of the 

index m = 1.17 • 1 . 35 , 2-‘-l . 5 - 1.6; 3 -2. 0 - 
2.5; 4—2.1 3.7. 


Lxairdnation of Figure 3 results in a conclusion regarding tlje possible evalu- 
ation of tlie optical type of water and the re.«:ults of noncontact measurements of 
p. from a sliip, lielioopuer or airplane. For exattple, one can estimate tlie value 


msas* 


of tlie water type index m frc»\ tlie ratio of brightness ooef f ir< erits ^ 

ured in tws spectral sections. It snould be noted that the existence of a relation" 
ship between px p\ 2 and the values in tne "midregion of the spectmm" was 
noted for the first time in 113J without indicucion of wavelength. The autJors 
offered the following regression equation. «, =0.068 ” 

The straight line corresponding to tliis eqiuaticxt is presented in Figure 4. It also 
plots tJie points oorresponding to the data of Figures 2 and 3, ano as on tiie 
y-axis, 5QQ was plotted. A good ooincidence is visible whidi oonfirms the conclu- 
sion of publication (13) . It also makes it possible to use this regression relation- 
ship for long-range determination of tiie water type index m » 100 ^00 from the 


value *'549/1' 432* 


c( a; ' 



Figure 4. Conparison of Indicator of Vertical Attenu- 
ation a in Average Section of Visible Region 
of Spectnin (13] and Ratio p 549/0482* 
crosses indicate the average data taken frem 
Figures 2 and 3 , and tne value a ^00 was taken 
as a. 
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One sliould note, on the otiier hand, tliat selection of the wavelengths 549 and 
482 m in publication [13] was randan to a considerable degree. It is apparent fron 
Figure 2 that the interval of clianges in the ratio rises if the interval 

(X^ - ^2^ iticreases. 

Extensive measurements are currently being maae of the "color index of water" 
by Neiymin, et al. [14], Tne autliors have called tlie "color index' tixe 0550^^^*440 
ratio whidi is measured on tlie ship's course in a shaft passing tlirougn the botton 
of the ship at a deptii of 4 - 6 m. Its values cnanye nynamically in tlie transition 
froni one type of water to anotlier. They are used by tlie authors to study tiie boun- 
daries of tlie currents, the process of stream separation, and in otlier Hydrological 
studies. In the latest work of Marine Hydrophysical Inst, tne authors seek a corre- 
lation between tlie value of the color index and tlie chlorophyll concentration in tlie 
surface layer of water [15] . 

In tlie measurement of p 550 /f 44 q the difference is greater than [13] . 

This makes the value of the color index even more suitable for estimating tlie optical 
type of water. Processing of tlie experimental data resulted in the following regres- 
sion ec]uation which links tlie quantity 100 ^qq and '* 550 /'’ 440 

10().n-,uo-l,O K3.7 

(>«u 

stcincL'ird deviation from the average 14%. 

It follows from Figures 2 and 3 that tlie greatest dynamic range of tlie ratio 
pXj^/pX 2 is observed witn = 560 nm and ^ = 430 nm. Tne ratio P 5 (jo/ P430 really 

changes from 0.05 (with inaex of the water type 1.35) to 2.75 (witli index type 9.1) 
according to the available data file, i.e., 55 - fold. 
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Ficjure i5. Ccniparison of VJater Type Index 100 « ^500 Ratio 
'' 560/t'430- 

Hie regression equation I00uj»#o“ 1.3 + 3.5 y™ • ( 5 ) 

Ihe stiindard deviation from tlio average was 20 %. 

Wo liave presented tiiree different regression relationships to estimate tne index /_2j4 
of tlie optical type of water m = 100 a ^ j^qq . 'lliey can be used depending on wnat data 
are available, l-jquations (4) emd (5) seem nore preferable to us. 

An enticing outlook, is tiius afforded to use one long-range measured parameter 
to evaluate tlie wacer type index, cind then witli regard for tlie data presented 
in [7] and in this publication, to assess tlie absolute values RX and p\ for the 
given waters, the spectral ooir[»sition of light at different depths, tlie PRE level 

4 

4 
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and thicknoBs of tlie pltotosynthetically acrtive layer. This lias brought us right 
up to the oonstruction of a model for tJie light field in ocean waters, llie rela- 
tionsliips presentee here may naturally be pinpointed vdien additional experimental 
data has been found. 

Tlie next inv>ortant step in constructing tiie mooel vjould bo establisliment of 
statistical relationship between tlie cliaracteristics of tiie light field and trie 
primary hydro-optical cliaracteristics of tlie ocean waters which fom. tne light fields. 

iy liaving typical spectral for ocean waters [6, 7] and tne corresponding R \ / 25 
given here, typical aistributions are oarputed for kk t as we have previously sug- 
gested. On tliG other hcuid, since in tJie tvo-stream e^proximation 

l^36Kfi/(x 4 p). while this approximation is confirmed in practice, vie find tliat 

X R\ = k*'* \ , and by haviixj k [8] , wo obtain tlie tyiiical course 3^ . Hie spec- 

tral course of , in turn, correlates witli tlie spectral values of o. . Hie typical 
'V\ are determined from here, as well as tlie parameter for survival of tlie quantun 
•V» -oa ( 1 a f X — for tlie corresponding waters waicii initially are cliaracterized 

only by tlie index m. It is natural that processing of extensive experimental noterial 
will permit determination of tlie confidence intervals for tliese assessments. 

Hie next step pay be assessment of tlie typical concentrations of substances 
which determine wat er r>ririvn*v hydi'c-ontical features. It is notea in publication 
[10] tiiat X. ssx^k Xjy xyA vdiere tlie first term corresponds to absorption 

hy clean water, the second — ^by plankton pigments, tlie third — by dissolved organic 
materials ("yellow distance") , and the fourth — nonselective absorption by suspen- 
sions. Hie spectral course of these quantities differs drastically. By selecting 
Lho concentration of individual substances, the metiiod of least squares is used to 
determine the curve x^vrtiicli corresponds the most to tlie previously obtained typical 


curve, Tlie quantity and spectral course of Sx and ax will make it possible to esti- 
mate the dispersion and concentration of suspended substances contained in the water. 
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EkPERIMENTftL VERIFICATION OF aJE OF THE METHODS FOR MATHEMATICAL MODELING OF 
THE LIGHT FIELD IN TURBID MEDIA OF THE SEA V'JATER TYPE. 

V. A. TIMOFEYEVA, M. V. SOLOV'YEV and V. YE. SHEMSHURA 

Approximating functions are selected for e;q)erimental scattering indicatrixes 
which drastically differ in shape. In each case, a comparison is made of the cal- 
culated and measured angular distributions of brightness as well as certain para- 
meters of the oorrespcxiding light fields in a deep-sea regime. 

A conclusion is drawn that this method of mathematical modeling of light 
fields is applicable to natural waters. 


There are currently a number of methods for numerical solution to the transport 
equation of radiation in deep layers of a tnrhid meditim [1-4, 14l. For media of the 
sea water type which are characterized by a very forward-extended scattering 
indicatrix x(y) (Y — scattering angle) and the presence of random absorption; 
unfortunately some of the [1, 2, 14] become very corplicated and cumbersone. Con- 
venient algorithms for oonputing the parameter of the deep-sea regime F and angxilar 
distribution of brightness B(0) (9 — vertical angle) have been suggested in [3,4]. 

The method used by Loskutov [3] is apparently the siirplest method for solving this 
problem. Here the relationship between F and the probability of survival of tlie 
photcn ^ is ejq:>ressed in the form of a continuous fraction. In this case the 
calculation is significantly simplified if the experimental indicatrixes 

X(y) represented by functions vdiich are easily distributed into a series 

e;^ 

according to the Legendre polynomials, for example, the Haney-Greenstein indicatrix. 
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This indicatrix in principle is a good approximation of the real and as 

noted in I 5] , in order to attain better approximation, sometimes a combination 
made of two llaney-Cirwensteiu iiwiicatrixus is used. The possibility of using this 
combination for sea and ocean x ( f ) was shown [ 6 1 . 

By using a similar approximation of certain experimental indicatrixes of scat- 
tering, as well as the algorithm for calculating the brightness developed in (3) , the 
authors of [7] studied tlie effect of the stiape of xiy) on B(o) in a medium witli dif- 
ferent values of A. Tliey essentially used nathematical modeling of tlie light field 
in de<^ layers of a turbid medium. 

The purpose of this work is to experimentally verify this modeling. For this 
purpose we compare results of a calculation and measurements of tlie B(o) functions 
in a deep-sea regime in different turbid media of tlie sea and ocean water type. 

For generality of tlie findings, experimental data are used wliich were obtained 
in media witli drastically different silkies of scattering indicatrixes, and namely, in 
milky (witli large particles) and in media with latex L-4 (colloidal) . Data on bright- 
ness distribution bodies of different A and on x(y)qxp of milky media are presented in 
[8, 9). The scattering indicatrix of the medium with latex (4 = 520 nm) was meas- 

ured by Man'konskiy on cui instrument of the MineraloH;icnl Institute [10] , wiiile the 
function BXc) for \ = 5G6 nm with different ^ were experimentally obtained by us 
according to the teclinique described in [11] . We will tlierefore not dwell on it. 

It is unfortunately practically impossible to use full-scale dats, since infor- 
netion about one-time measurements of tlie angular distribution of brightness and 
optical characteristics x(> ) and A in some sea and ocean waters are currently almost 
lacking. We succeeded in only finding one case [12] , where in addition to natural 
optical characteristics of the water , tlie function B (0 ) is also given in a deep-sea 
regime for one of the regions of tlie Black Sea. We tlius have data not only of labor- 
atory studies, but also results, although few, of full-scale measurements. 
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For tlie scattering indicat rixes of the media mentioned above (Figure 1) , the 
corresponding functions approximating them x(y)ao approxinate tiiem were 

selected in a similar manner to [6]. In both cases (i.e., for x(Y)ao ^ x(y)ov»^) 
tlie following integrated diaracteristics were conputed: the iverage cosine Cos y, 

asynmetry coefficient k, average angle y and square of tlie angle of scattering 

over the entire spliere. The obtained values are presented in Table 1. It also gives 
the numerical values for the approximation parameters of a, gj^ and g 2 [6) which deter- 
mine the sliape of x (Y ) . We note tliat in calculating tlie integrated characteristics , 

each examined experimental indicatrix, similarly to (13) was extrapolated to zero 
on the parabola, while for cingles y' y it was considered that x (y)exp “ ^nst (y^ — 
greatest angle of neasurement of the indicatrix in the posterior hemisphere) . It is 
apparent fron Table 1 tnar tlie integrated characteristic, as should be expected, 
change in a fairly broad region, and their values for x (y >ap and x (y are close / 28 
to each otiier. This nyeans that the approximation is successful and one can expect 
a good coincidence between tlie calculated and tlie measured B (0 ) . 

Figure 2 presents the average experimental (solid curves) and calculated / 29 

B^*('^)cai (dotted curves) angular distributions of brightness, normed for 0 = 0°. 

The calculation of Bf^) also used those values of A , in which were measured 

most reliably, for milky media, therefore the quantity A;^0.494, while for "latex" 

A>_ 0.290. The quantity B(^U for Black Sea water was conputed with A= 0.82. It 
is the average for all values of A presented in (12) . 

It is apparent frexn Figure 2a that in the case of milky media, the calculated / 30 
data coincide fairly well with tlie eiperimental for all (i angles, especially witli 
0.7 \ 1.0 [sic], i.e., with quantities of A whj.ch are more characteristic for the 

majority of sea and ocean \-raters. In this case, tlie greatest discrepancy in bright- 




nesses readies ~ 30%. 
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Figure 2. Angular Distribution of Brightness with 
Differeait (nutrber on curves) a — milky 
medium, b — medium with latex, c — Black 
Sea water. 


Indicated Cliar- 
acteristics of 
Scattering Indie 
atrix 



hVad' 


k 













Eocpcrimantal and calculated angular distribution of brightness for the Black 
Sea water are presented in Figure 2c. In this case, the maxinnin discrepancy between 
the experimental and calculated data occurs at the anterior hemisphere and is -60%. 

It is cxximon knowledge that in practice, in addition tx> brightness in a certain 
direction, it is often necessary to know different integrated parameters of the light 
field in a deep-sea regime. It is tlierefore iiiportant to oompare tlieir values com- 
puted for B(o)®^ and and presented in Table 2 (upper and Icwer lines respect- 

ively) . Here [‘--parameter of deep-sea regime, — average cx>sine, l/n— coefficient of 
angular distribution of descending radiation, R — coefficient of diffuse reflection, 
and ^ — average angle of square of the angle of brightness distrihution bcjdy. As 
we see, r, p and 1/y cure very close to each other all the way to small y^. In tlnis 
case tile relative deviations for tlie miliky medium for r are no more than 2%, while 
for 11 — no more than 1%, and for no more tlian 3%. For the latex medium they are 
no more than 4%, 8% and 6t respectively. 


TABLE 2. 


Integrated Parameters of Light Field 


r 



R 

0, rad 

rad 


Black Sea water 




0,79 

\.2V 

a, 01 7 

0.5 79 

0.491 


0,79 

1.23 

0.014 

0,572 

0,79 



Milkv medium 



0,19 

0,63 

1 i.46 

0,078 

0,883 

1,09 

0,19 

0.54 

1 L49 

OOS! 

0.9t?0 

1.16 




(Table continued on next page] 


TABLE 2. (continued) 



Latex nedium 


0.90 

0.35 

0,29 

li.73( 

0.310 

1mI9 


0.37 

0;27 

1.712 

U.33D 

1-55 

0.80 

0#2 

0,36 

Ij61 

o.iao 

•t02' 





0,5»2 

0,39 

1..60 

Q.'2«> 

tm 

0.70 

0.64 

0,45 

1.56 

0,100 

0.940 





0.63 

0.47 

1.51 

0,100 

0.990 

0.60 

0,73 

0.32 

1.6i0 • 

Ojow 

0.690 






0.72 

0.55 

1.43 

01089 

0.690 

0.50 

0,83 

0.59 

1.44 

0,005 

0.850 


0.80 

0.62 

1.36 

0,000 

0.790 

0.40 

0.69 

0,67 

1.36 

01050 

0.800 

o.s: 




0,69 

1.29 

0039 

0,680 


0.95 

0.74 

1,26 



0.30 

1 




0.92* 

0,77 

1.22 

0,004 

0.570 



UB7 

Qff> 

UW 

1.64 

\J27 

U27 

1 . 1(0 

l.H 

too 

0.940 

O.9S0 

0,750 


0.550 


As for R, 


0 and 


0^ 


tlieir relative deviations are considerably higher with small 


A. Ihus, witli A = 0.5 for a milky medium they are equal to ; for R— 17%, for tr- 
20%, and foro ^ — 29%, while for a latex medium, 8%, 7%, and 6% respectively. 


Hius, this analysis sl)ow8 that this method of mathematical modeling of the 
light field in a deep-sea regime applied to real turbid media, yields quite satis- 
factory results. 

Since x(y ) and a of sea and ocean waters lie practically within the examined 
range of changes of these optical characteristics, one can hypothesize that the 
suggested method will be suitable for modeling light fields in natural waters as 
well. 
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OEPENDeiCE OF PARAMETERS OF DEEP-SEA BRIC3fINESS BODY OW "P" CRITERION 

PELEVIN, V. N. AND PRDKUDINA, T. M. 


Based on model experiments and full-scale measurements in the sea, an empir- 
ical dependence is established for a number of parameters of a deep-sea li^t 
regime on the values P = oy'‘‘^/x which are the ratio of the second noment of 
the volumetric scatteriiig functior to the eibsorption index. 


Ttve link between light field parameters in a deep-sea regime and primary 
hydro-optical characteristics (PHC) has been studied by many authors [1-7, et al]. 
However, as yet there are no sinple relationships which make it possible to 
graphically analyze field structure changes during fluctuations in the medium 
PHC. 


This study searched for approxiirate relationships suitable for this anal- 
ysis and engineering estimates of p>cu:ameters of a deep>-sea light field using 
given sea water characteristics. 

The studies were mde on models and directly in tlie sea. The laboratory 
unit for modeling the light field cxi artificial media was designed from experi- 
mental basins developed ir the BSSR Academy of Sciences Institute of Physics [7]. 
The nodeling method was similar to that of V. A. Timofeyeva ^6]. The main differ- 
ence in the unit (desig^ied b y V. G. Yepishin) was flexible li^t guides connect- 
ing miniature photometric sensors in the medium, and photodetectors (or light 

sources) outside the basin. This drastically reduced the shading of the medivm by 
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the design components. This is very im»rtant with high cxjefficients of 
similarity^ and at tlie same time reduces errors In tiie nodel measurements. 

I'iodeling was done using milky and alcx>nol-rosin suspensions in water ana a solu- 
tion of niyrosine as tl’ie light-absorbing agent. 

Tlie measurements of spatial -angular distributions of brightness in tiie sea used 
instruments previously described [3 - 9l. 


Ihe parameters wliidi characterize the shape of the scattering indicatrix x(Y) in 
tlie meciia where tiie 'leep-sea regime was studied are given in tlie ti^le. 

TABLE. PARAMETERS CliARACTERIZING THE SHAPE OF THE SCATTERING INDICATRIX 

"I ■ ^ - I 


Number of 1 



1 

? 

To, 9 

^.100% 

1 

K 

station 
^ 1 

Deptn, m 

Region 







100 ] 

too 

Black Sea 

0,062 

0,037 

70 

0,41 

6.8 

312 

367 

30 

Pacific Ocecin 

0,162 

0,098 

18° 

0,98 

5.0 

too 

3S7 

too 

Pacific Ctoean 

367 

347 

too 

Pacific Ocean 

0,230 

0,214 

30° 


4.6 

39 

300 

Soutitem part of Sargasso 

0,300 

0.320 

46° 

4,12 

4.2 

23 




0.427 

C.600 

70° 

7,25 

4.2 

10,5 



Rosin medium | 

1 

0,211 

0.tS9 

30° 

2,05 

5,0 

19 




0.412 

0.436 

60 

4.4*8 

. 

4.5 

21 






here — average angle and average square 

of tl\e angle of single scattering; Y q 9 — ^cmgle within wliose limits there is 90% lights 
scatterea during single scattering. • • degree of extension of the 

inoicatiix. — coefficient of asynmetry (oai'id 3 — indices of scattering /36 

and bacdc-scattering , respectively, (10 ]. 

It is apparent from the table that the ciifferencje in tiie indicatrixes of ndlky 
ana rosin suspensions is significant between them, altiiougii it is snaller tnan tiie 
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differences in tlie indicatrixes of different water areas in tlie ocean. Tluj milky 
indicatrix seeirdnyly corresponds to tlie "average” ocean, while tlie rosin is close to 
tliat for clean waters of U»e Sargasso Sea. 

The paraneter of p.K)ton survival '^o4x’ • where x —absorption inciex, dianged 
in tlie nxxiel media in limits of 0.3 A '0.09 by creating different ooncentrations 
of nigrosine. 'llie (quantity A in artificial media and in tlie sea was determined 
by tlie technique describee in (11) . 


Tlie angular distributions of brigiitness b(o) were measured in a deep* sea light 
field. The average uistribution cone was conputee fro:., tlie values U(o) 


|t I CDS H' I I /l(H)iliii, 

II ) Ml ) 


'ilie coefficient of diffuse reflection 


R 


i 

I /?(H) CDS (■) sill HilH 
I'l 


^ cos B sin OilH, 

il 


'Ilie average euigle of uistribution 


H |‘ H • fl ((-)) sin «(10 j B (0) sin BdB. 


Ihe index of vertical attenuation u(12) was noosured indirectly. 

Analysis of tlie findings demonstrated tliat no unetjuivocal dependence is observed 
of the dimensionless field i>arameters on tlie value A, or on tlie parameter f-x fo, 

(12), where (12). in tlie given interval of cliange in A and x('y) . At the same 

time, tlie angular brigiitness disi._ ’ butions wnicli were nomed for one, witJi the most 
diverse scattering indicatrix of tlie mediun and different A, look as if tliey repre- 
sent a certain unified family wiiicii depends on one, yet unknown parameter. This 
pcirameter must include all tiireo primary aiaracteristics of tlie mediuni: x , o and xW)* 
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In order to sear-cli for tiiis parancter, one stould take into oonsideration tliat 
tlie dimensionless brightness body essentially depends on two dijiiension character- 
istics of tile nedium; volumetric scattering function oxx (y) m“^ (10) and absorp- 
tion index x m*'. It is clecu: from the sianilarity theory, tiiat the dimensionless 
parameters of tlie SP (lignt -signal instninent) may depend only on the dimensionless / 37 

aiaracteristics of tlie nedivm. Only a dimensionless volumetric scattering function 

X 

serve as tlie latter. Assigning this fuix:tion is equivalent to assigning 
its nonient, ana only tiie first moments have definitive inportanoe. 


Under conditions of multiple light scattering, waen a deep-sea regime is fonned, 
it is natural to hytotliosize tliat tlie second moment of tiie dimensionless volunetric 
scattering function has tue greatest value, i.e., tlie quantity 





d«i) =■ 


X 


» (J > 


X 


Analysis of tlio experinontal data confirmed tliis hypotlesis. Tne family of 
brightness bodies in tlie aeep-sea regime obtained witii different A and indicatrixes , 
was dej.xaident on tlio quantity ** • and on tlie parameter. Tlie dependences 

of tlie average cosine of tiie brightness body ii , tlie coefficient of diffuse reflection 
R, tlie average angle of brightness ^’on tlie quantity P \^ere the sar.e botli for media 
witli "milky'' and "rosin" indicatrixes, and for all sea water in which measurements 
were miade, in tlie following ranges of P, ,, , R and : 0.2 < P < 9; 0.00b R - 0.3; 

0.3 ^11 ' 0.83; 0.55 ' ‘■1.2 (tile 0 angle in radians) . 

In the region 0.2 “.P :_1, especially important for sea water, tlie relationsliips 

M(P) tuid R(P) are described by tlie empirical foniulas; 

• 11.01 ( 1 ) 

M“ (1-0,37 I I*) 

^ = 0.04 ■ P^to.ood 


4C 


liere the greatest deviations of available experimental data from the relation- 
sliip (1) are given for n For R, tlie standard value of the deviation is presented 
from the available data for the sea and model media. 


Ccdculation of tlie index for vertical attenuation in the deep-sea regime was 
made according to tl>e known formula; 

ooo“x-n-'. (3) 

Vve now may hypothesise the following engineering technique for ccxrputing bie para- 
meters of deep-sea ligut regime in tlie sea. 

According to the PHC of tiie medium, P= is ccnputed. Tlie spectral dis- 

tribution P is obtained when spectral values o, x. x(y) are used. 

2. The parameters u and are determined from formulas (1, 2) . 

3. According to (3), the deep-sea indicator of attenuation and its spectral 
distribution are ,onputed. 


Tae error in this calculation is formed from a) inaccurate value of PhC of tlie 
medium; b) error in tlie enpirical formulas (1, 2) . 

-2 

Assuffe that the values x, o , y are known with standard deviation of 5% each. 
Taking into consideration tlie structures of the formula for P, and assuming statis- 
tical independence of aeviations x, o and y on tlie true values, we will assess 
the coefficient for variation in P as 0j05/3 't^^085 It follcws from (1) tiiat 

= 0.185- P-''*. pqj- tije values P = 0.25 and 1.0 vi^iich correspond to the interval 
of the most widespread values P in tne ocean water (in the region of the spectral 


.It. 

dP 


"windcw of transparency,” (close to 500 nm) the corresponding values are 


iit 

iip 


=0.37 and 


0.185. From here tlie standard deviation for w equals 0.37 x 0.085 x 0.25 = 0.008 


cjid 0.016 respectively. The quantities are smaller than the limiting deviation \i , 
indicated in formula (1) . Iherefore in evaluating the errors in a„ vas will take 
the latter into consideratiai. For the boundaries of tlie mentioned segments 0.25 ^ 

P< 1 (on these boundaries the values ^ = 0.81 and 0.63) , the amount of limiting 
error in is 7% and 8.4% respectively. 

We introduced tne parameter P= - previously (13) in analyzing tiie light 
fields of isotropic light source in the sea. One should note, however, tliat a close 
peurameter oonpiled from the PHC of tiie medium, was introduced even earlier by G. V. 
Rozenberg (3) . L. S. Dolin also obtained an expression corresponding to his para- 
meter in analyzing tlie field structure in a small-angular approximation (14) . 

The measurement results described here demonstrated the usefulness of using this 
parameter to evaluate tlie link between all the main characteristics of tlie light field 
and the PIjC of the nedium in a deep-sea regime, where the field is formed by multiple- 
scattered light. At tile same time, the new empirical relationships were obtained 
v\hich make it possible to plan a siirple technique for evaluating the parameters of 
the light field in a deep-sea regime according to the given diaracteristics of the 
marine rriediun. 
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ME?^URE14ENT OF PHOTOSYNTHETIC HADIANT ENERGY IN THE OCEAN 


B. A. VAYNEMAN 


Requirements for the measurements and calculations of photosynethetlc rad- 
iant energy (PRE) in the ocean are examined. Different meth^ and instruments 
are oonpared for measuring ^d oorputing the PRE. A conclusion is drawn regard- 
ing the expediency of using methods based on measurements by sinple instruments 
with subsequent calculation of the total (in the PRE range) iiradianoe for stand- 
ard nass measurement of PRE. It is noted that it is necessary to further study 
the spectral distribution of underwater energy to pinpoint the optical classifica- 
tion of waters and to iirprove the methods of PRE ooroputation. Certain results axe 
presented of oonputing the PRE In the Black Sea. 


Solid energy necessary for photosynethetlc processes in the Vtk>rld oceans. 
Penetrating the water, solar radiation creates in its vpper layer an illuminated 
(photic) zone whose lower boundary is usually determined by the depth at which the 
irradiance is 1% of the subsurface. Photosynthesis occurs in the photic zone v\hich 
governs primary production of the ocean. 

In studying primary production, one of the main problems is to determine its 
dependence on the irradiance conditions since it is the radiation energy absorbed /40 
by the photosynthetically active pigments which is used to transform inorganic 
matericd into organic. 


There are difficulties, however, in determining the photosensitivity of phy- 
toplankton populations of a mixed type. Their adaptations to the radiation flux 
can be very diverse, especially the sp>ectral corposition of this flux. The flux 
spectral corposition changes differently with depth, depending on optical pro- 
perties of the water. 

The inportance of unifying techniques to measure and calculate radiant energy 
in all the oceans led to the creation of WorlcLng Group No. 15 (WG 15) on photosyn- 
thetic radiation energy [27] through the efforts of UNESCO, the scientific oommittee 
on oceanographic research (SOOR) and the international association of physical 




oceanography (lAPO) . 


W3 15 made a decision to consider plK>tosynthetic radiant energy (PRE) in the 
ocean a limited region of wavelengtlis from 350 to 700 nm as a consequence of the 
fact that energy with wavelength shorter than 350 ran can be iiarmful , while wavelengtiis 
over 700 nm have littJe value for photosynthesis in the ocean. 


Ihe method of collecting radiation energy in light fields in an aquatic medium 
must correspond to the physical concepts of irradiance (from above or from below) or 
spatial irradiance. 


Irradi.ance (above or from belcw) : 

E= 1 BcosOdii. 

li') 


Spatial irradicince; 


E° = 


I Bdli. 

li-' 


wiiere: B — energy brightness, — vertical angle, s7 — solid angle. 


( 1 ) 


( 2 ) 


Integration presented in (1) and (2) can be done in practice with good accuracy 
by means of optical integrals (collectors) , and thus, sinple i.nstruments can be 
designed for the measurements. 


Are tlie aforementioned physical concepts sufficiently representative for tlie 
method of collecting radiant energy used by tlie phytoplanJcton? This question cannot 
be accurately answered, but heuristic arguments demonstrate that the correspondence 
must be high. 

Irradiance measurements sliould be made in a quantum unit, since it is precisely 
the nunter of quanta vdiich det.cmines the intensity of photosynthesis, 

One quantum, regardless of the energy it contains, can excite only one molecule. 

At the same time, the energy contained in one quantum is inversely proportional to 

<15 


the radiation wavelength, i.e., the radiation quanta with shorter wavelength contain 
itore energy than the radiation quanta witli greater wavelength, or what is the sane, 
with equcdity of energy, the longer wavelength radiation contains a larger nunber of 
quanta. In the oonparison of equal quantities of energy equal narrow spectral inter- / 41 
vals with = 350 ran arxi = 700 ran, it is apparent that radiation with = 

700 ran contains double the number of quanta. This red radiation is thus enable of 
exciting double the number of molecules than blue radiation with the same energy. 

What has been said makes it possible to conclude that in photobiological studies 
during irradiation of characteristics of pigmented systems, one should use quantum 
units. If energy units are used, the effect of red radiation will be underestimated. 

however, in measuring the total PFE in the entire range 350 - 700 ran, one can 
also use energy units, since experimental studies have established that the ratio of 
total quantum irradiance to total energy irradiance ^ ^ ^ broad range of water 
types reitains approxixvately constant [11, 12] . 

It should be stressed that use of light terms and units such as degree of illum- 
ination, lumen, lux, etc., vhich hydrobiologists at times permit, is in^plicable. 

All the light concepts and units are based on the physiological action of lignt on 
the human eye, and therefore have a subjective nature vbich does not permit them to 
be correctly enployed in any other areas except the areas associated with hurten 
vision. 

WG 15 acknowledged that knowledge of the total quantum or energy irradiance 
(in the entire PRE range) is not sufficiently informative, because the reaction of 
ocean photosyntlietic organisms depends on wave distribution of the radiant energy. 

It reocximended that spectral measurements of underwater irradiaice be made. It was 
noted at the same time, that the detailed measurements of spectral energy distribution 


in situ> and in devices v^ch sinulate conditions in situ are not feasible as a 
sinple standard netliod in studying primary production, Ln light of tlie fact that 
tliese measurements require ocnplicated and expensive equipment, vhile the measure- 
nents themselves are complicated and require a lot of time. Radiation energy which 
is suitable for underwater photosynthesis can be assessed through measurements by a 
simple instrument with subsequent determination of the water type according to the 
optical classification of waters of N. Yerlov [18] , and from here, tne probable spec- 
tral distribution of energy. One can thus determine the total energy. Ihe WG 15 
evaluated tlie possibility of using these methods through mathematical calculations 
[28] and experiments in the ocean [29] . It reconmended tlie creation of sinple equip- 
ment for tiiese methods. 

We will examine the existing methods and instruments for measuring PRE in the 
ocean. 

The most conplete information abcwt unaerwater radiant energy is providea by /42 
the metliods of detailed measurements of spectral distribution of tliis energy. There 
are different instruments vhich realize tliese methods. 

The spectroradiometer which was developed in the laboratory of visibility of the 
Scripps Institute of CX^eanogr^hy [26] is a double monochromator with diffraction 
arrays. A digital volt meter and autanatic self-reoorder are attached at the instru- 
nent outlet. The spectroradiometer is characterized by high resolution for the spec- 
trum ( A A = 5 r«n) , good angular characteristics of the irradiance collector and abso- 
lute calibration in energy units, however, this instrument has inherent significant 
shortcomings: production of the entire spectrum (350 - 750 nm) at one level takes 

more than 20 minutes, while the maximum deptli of recording radiance in clean water 
does not exceed 35 m. 
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llie autonomous spectral raoiometer developed in the laboratory of pjxysical 
oceanography of the Paris University [13) nas a oonsiderably greater fast response, 
llie instrument is nade based on a monociironator witJi diffraction array. Distri- 
bution of irradiance for tlie spectrun in the range 375 - 850 nm is recorded on a 
roll of plx>topaper. Tl-je diffraction array scans in less tJian 3 seconds. This makes 
it possible to obtain about 30 recordings in 30 minutes from the surface to deptli 
100 m. hov»ever, the lengthy tine for develc^ing tlie ftoto paper and conplex proc- 
essing of tne recordings significantly reduce tiie advantages of tJie fast operation 
of tne instruient itself. 

Ihe colleagues of tlie New England Aquarium in ooston used another possibility. 
Scanning of the spectrun in tiie LSDS instrument [23] was done by turning a round 
interference filter witli continually variable wavelengtli, llie instrument output 
was made in the form of an analog signal Vvrtucli could be viewed on an oscillograph 
screen or recorded on magnetic tape. 

Spectral scanning in tlie Japanese instrunent [25] is done by rotation of a 
diffraction array and syndironous movement of a wedge-shaped interference filter at 
continuously variable wavelength. Scanning in tlie range 400 - 700 nm (at one level) 
takes 60 seconds. Recording is done on a two- coordinate self-recorder on board the 
slrip. The instrunent is connected to tlie ship by a multiple-strand cable. 

All the instruments described above are oaiplicated, e>qpensive, and working 
with them requires a liigh uegree of skill. 

Biere are instrunents vdiicli measure radiant energy in several narrew or rela- 
tively narrow spectral regions widen are isolated either with the nelp of a cer- 
tain number of selective receivers [21] , or wita tue help of cliangeable light filters 
[4, 5, 7, 17] . ho^«ever, construction of tiie spectral distribution of energy by 


interpolating the measurenent results in individual sections of bu; spectrutii, or 
calculation of tiie total PRE by integrating these results is acoonpanied by large 
errors because of the feiirly large discreteness of the ireasurements and tne oonpli- 
Gated structure of the underwater energy spectrurri. 

In oroer to determine tne total energy from the entire PRE range, one can use 
nonselective tliermoelectric receivers, pyranometers which are banks of thermal ele- 
ments 114] . Itowever, the low sensitivity of these instnments docs not make it 
possible to use biem at distance over 40 m without special amplifiers. In addition, 
difficulties arise in considering tlie percentages of ertergy witii wavelengths over 
7U0 nm wliich are introduced into the instrument readings. This will significantly 
distort the readings, esiecially at lew depths. 

liie VARIPO is an instrument wiiidi uses tlie variospectranetric metliod of meas- 
uring irradiance [3] . Ihis instrurrent contains a airect-vision prism (Amici prism) 
jointly witli a norming diapliragm wMch makes it possible to create the necessary 
shape of tlie spectral characteristics, llie instrunent can be nonselective in tlie 
range 350 - 700 nm, or its sensitivity can be made proportional to tlie wavelength. 
Hie liigh sensitivity of tlie VARIPO whicii is achieved because a photomultiplier (PM) 
is used permits the instrument to operate to deptlis 200 - 250 m. 

Ihe instrument namea quantoireter was made by N. Yerlov and K. Nyugard [20] . 

Its radiation receiver is selenium photoelement wliose various sections of the active 
surface are covered with different colored filters. By selecting tlie combinations 
of filters one can form, tiie requireo spectral diaracteristics of tne instrument. 

Hie instrument can be nonselective, or its sensitivity can be proportional to wave- 
lengtii in tlie PRL range. It will then be an energy meter or quantemeter respect- 
ively. Hie quantemeter is very sinple and inexpensive. 

itn 


*lhe instrument of L. Prior is another solution to tlie problem of creating a 
quantometor [24] . A corrector is located between the collector of the instrunent 
and the detector which is a PM. H>e corrector oonsists of an interference filter 
witli continuously variable wavelength and diaphragm. It has selectivity whidi 
compensates for the selectivity of tlie detector sudi that the resulting spectral 
sensitivity of the instrument becomes proportional to the wavelengtli, i.e,, the 
output of tne instrunent is proportional to the sum of tlie c^uanta in tl^e PRE range. 
Because a PM is used, this instrument is more sensitive than the quantometer of N. 
Yerlov, licwever it is more ocmplicated and more expensive. 

Hie use of quantoneters , in the same way as instruments wliich enploy themal 
elements, causes certain difficulties. Because the long wavelengtii section of tJie 
spectrum is strongly absorbed by the surfao^ layer of water, wave action causes great 
fluctuations in tlie recording instrument. I4easurenient of the subsurface irradiance 
often cannot be done witJi sufficient accuracy without the use of an integrating self- 
recording . 

Hie methods based on irr'»<liance measux*ement in one relatively narrow spectral 
region which corresponds to tlie maxinuir. transmission of ocean water, i.e., in the 
blue region (Xgff = 460 - 490 nm) with subsequent calculation of the PRE based on 
tlie optical classification of waters, do not liave tlie majority of shortcomings 
mentioned above. In contrast to the spectroraoicxneters , energy meters and quanto- 
neters, an irradiance gag>,e which is Designed to eperate in the blue spectral region, 
is a sinple ana inexpensive instrument. It can be equipped with a scleniua photo 
element in combination with a blue filter and witli neutral attenuator. Hiis gage 
does not have tlie significant inconveniences which develqp when energy meters and 
quantemeters are used, since it can operate well in tlie surface layer of the ocean 
because of the high transmission by water of radiation in tlie blue spectral region. 


Hie sea tests done by WC> 15 in tiicGulf of California denonstratco ttiat 
relatively narraw*band filters with maxiirajm transmission corresponding to the 
maximuu transmission of ocean water, may be used to estimate tlie underwater PRE 
in waters of all types with satisfactory accuracy [29] . 

Publication [19] has suggested a simple metliod for measuring the quantum PRE 
^Q(350 - 700 nm)) ^ ocean, based on the use of a simple irradianco gage in the 
blue spectral region (L(^ eff-465 

QlSSO-Tt'OI*® 0,23+ . 

^ Jh / 

where: 7 , — depth in meters, Q aral E—assigneo, in percentages of sidisurfaoe values. 

Hie essence of tliis method is tiiat only the relative quantities are neasured 
underwater. Ihe instrument tlierefore does not need graduation. Part of the problem 
is estimating tlie subsurface quantities in absolute units. This can be done by two 
methods. 

Measurement in tlie blue spectral region can serve to determine the quantum irradi- 
ance above the ocean under all conditions, except lew position of the sun (ho* 15°), 
because spectral distribution cf total (from the sun and tlie sley) in the range 350 - 
70 nm does not depend very nuch on turbidity of the air, clcud cover, and altitude 
of the sun [8] . Calibration in this case is done by simple comparison of tie irradi- 
ance gage witli a quantometer in daylight. 

Another method for evaluating quantum irradiance aiove the ocean is to use 
tlie readings of a shipboard pyrancmeter (bp5Q_3Qoo nivi)^* tlieoretical stuaies 

of K. S. Shifrin et al. [1] for a standard atmospheric model demonstrated that 

^(350-700) = k • £(JS0- lui. 

A -0,44 ±0,03 


( 4 ) 


With the lielp of the transform: 
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l-iuo JOOOlfW •'! ’■'] 


-2, 75. 10" 


(5) 


P. correlation is obtainer^ wliidi makes it possible to evaluate the quantum irradiance 
above tiie ocean from t:ie pyrancmeter readings: 

Q(350-700)“ 1.2- 10"£(35Q_3ooo). 


It remains to examine tlie reflection from the ojean surface wliicli reduces tne quantity 
of quantum irradiance to subsurface. 


Publication [6] has described a metliod for calculating underwater irradiance from 
above in any section of the spectrum in the PRL range based on sinple measurements of 
irradiance in the blue spectral region = 490 nm) using tlie optical classifica- 
tion of waters . Tlie method consists of the following : the distribution of irradiance 

according to depth is measured, these measurenents are used to calculate tife coeffic- 
ient of underwater irradiance n and the indicator of vertical attenuation of irra- 
diance from above = 490 nm) . Hie water type is determined from tlie found 

quantity = 490 nm) , while the quantities a( >i) for other wavelengths are 

found from tiie water type. Hie found values “(^) are used to conpute tlie quantities 
nt. By using spectral distribution of energy which falls on the ocean surface J(X) 

[8] , and tlie quantity of albedo A tlO] , one can catpute tlie value of irradiance from 
above in relative units ir the necessary spectral region at different deptiis: 


(«)= I* (1— A) / (a) n. ('- 2 ) dk, 

M 

where z— depth. 


(7) 


Hie transition to absolute values of irradiance underwater E^(z) is made from 
the absolute values of energies falling on the ocean surface measured by tlie shipboard 


pyranometer . 


Hie metl-iods described above for oonputing PRE based on measurements by siitple 
Instninents use the optical classification of water of N. Yerlov 118]. Hiis class- 
ification lias certain shortoomir ■»s Ixjwever. In [ rticular, typification of the 
water is done witli great discreteness. The one-parameteric opticcd classification 
of water according to tiie vaJue “(A = 500 nm) suggested by V. N. Pelevin and V. A. 
Rutkovskaya [9] nas iiiportcint advantages. Tne nomogram presented in the work for 
the spectrcd course a (A) provides a more detailea division into water types. The 
classification makes it possible to isolate water types without losing infomation 
about the measured value a , and to estimate the water types witn tolerance reflec- 
ting the accuracy of some measurements, and to pinpoint the water cypes by measure- 
irents of « ( A ) at tlie required wavelengtn A. 

Tlie use of tlie water classification of V. N. Pelevin and V. A. Rutkovskaya in 
methods of PRE conputation will increase the accuracy of these methods. 

There are different designs of more or less siiiple irradiance gages in one spec- 
tral region whicli are suitable for the aforementioned metlx)ds of PRE ocmputation. 

Instrument [15] is separated from tlie ship with the help of a buoy at a distance 
of 50 m in order to reduce tlie shading by the ship and to make a freefall in tlie 
water with a velocity of about 1 m x s“^ . Its energy receiver is a selenium photo 
element covered with a narrow -band filter. The instrument is connected by a oomnu- 
nications cable to the ship. The recording is done on the ship on a two-coordinate 
self- recorder. 

The autonomous instrument [12] can be lowered on any cable since it does not 
require connection by any cable to the sliip. Recording of the E 4 .(z) is done on 
Polaroid film placed inside tlie instrument. Its energy receiver is a PM covered 
with narrcw-band filter. ro 


In cases where it is necessary to measure the quantity of irradiation in a 
certain time interval , one can use a time-integrating electronic circuit on an 
electrochemical tetrode (16J . 

Thie instrument of tlie Marine Geophysical Institute of tlie Ukrainian SSR Acadary 
of Sciences [2] v ^ developed witli regard for requirements for tlie gage of underwater 
irradiance in one relatively narrow spectral region as ^plied to metliods of PRE 
ocxiputation described above. It nas a cosine collector, color filter, selenium photo 
element and depth gage. When tlie instrument is running, it is suspended from a 
tliree-strand cable or any other cable. In the latter case, a tliree-strand oomnunica- 
tions cable is required. The function E 4(z) is recorded on board the ship on a two- 
coordinate self-recorder. This gage is siiqple, reliable and ineiqjensive . It requires 
no nore than 2 minutes to probe from the surface of tiie ocean to a depth of 100 m. 

This significantly diminislies the effect on the measurements of sliip drift and vari- 
ations in the total incident radiation caused by changes in the sun's altitude Jid 
the condition of tlie atmosphere. 

As an exanple of using this instrument to detemdne tlie underwater PRE according 
bo tlie technique stated in tlie aforementioned publicaticn [19] , Table 1 presents the 
results of conputing Q(350-700 nm) a (Xgff = 480 nm, ^ ^ calculation 

was made basea measurements of E i(z) and total incident radiation E( 35 q. 3 qqo nm) 
made in tlie spring and fall of 1977 in the Kerchenskiy Strait and the nortlieast 
section of the Black Sea adjacent to it. The location of tlie stations is illus- 
trated in F jure 1. 

It is apparent from all that has been examined above tliat the problem of unifying 
the technique of measuring and Conputing tlie PRE in scales of the entire ocean is 
being solved very successfully both in our country, and abroad. The najority of data 
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Figure 1, 


Locatj.on of Stations to Measure E 
E(\gff = 4b0 nm, z) 


(350-3000 rw) 


and 


indicate tliat nvetJiods La^acd on neasurenients witli sini^lo instruments witli subsequent 
calculation of tlie total irradiance are the most applicable for standard nass measure 
ntents of PRE. 


One stould note tlic need for furtliex study of tlic s].)ectral distribution of 
underwater energy, es^-ocially in the coastal waters in order to perfect tlie optical 
classification of waters £ind the mevJiods of PRE coiputation. 

In conclusion, tlie author expresses gratitude to V. N. Pelevin for reading tlie 
nanuscript and valuable remarks. 
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DEPENDENCE OP SPECTRAL BRIC5fTOESS COEFFICIENT ^ 

OF THE SEA ON ILUKENATION CONDITIONS OF 
SURFACE E. N. KHALE^KIY 


Ihis article examines the dependence of the bri^tness coefficient pA 
on different conditions of illumination of the sea surface. Ihe question is 
very urgent because of the possibility of noncontact (long-range) analysis of 
pA and its use as the optical water indicator. Ihe results of the studies 
are used to shew that the absolute quantity of pA depends on the sun's alti- 
tude h at h < 25 ^, and is also associated with the geometric structure of 
surface radiation. With mixed incident radiation, pA is always greater than 
with scattex'ed. All of this should be taken into consideration v^ien the quan- 
tity pA is used as the optical water indicator. A ocxxclusion is drawn that 
analogous use of the p = f (A) curve is more universal. Its shape does not 
depend on the illuminaticxi c*onditions of the sea surface. 


An inportant problem of marine optics is development of methods of 
optical recording of water, i.e. , separation of waters v^se optical properides 
differ. It is more reliable to separate waters based on primary optical 
characteri.stics directly associated with natxiral optical properties of the 
water. Waters can also be separated based on characteristics of light fields 
in the sea, although this is less reliable. One example is the optical 
classification of waters of N. Yerlov [1], 


Because of the development of noncontact methods for studying the ocean, 
including, frcMn an AES, it is currently important to examine the possibility 
and the conditions for using the spectral brightness coefficient of the sea pA 
for purposes of optical indication of water. It is oonmon knowledge tl>at 
this coefficient characterizes the natural radiation of the water mass in the 
visible spectral region vdiich emerges through the water surface into the 
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atmosphere. It, therefore, carries definite information regarding the 
natural c^tical properties of the water which form the outgoing radiation. 

Hie quantity of the brightness coefficient is influenced by the features of 
the light flux falling on the sea surface. It is clear from here that in 
order to use the bri^itness coefficient of the sea as an optical indicator 
of water, it is first of all necessary to evaluate those factors of variability 
in siperficial radiation which have the greatest influence on the quantity of 
the brightness coefficient. 

This work covers an evaluation of these factors and analysis of the poss- 
ible use of the spectral brightness coefficient of the sea as an optical indi- 
cator of waters. 

Values of the brightness coefficient pA obtained in studies conducted by 
the Institute of Oceanology in different regions of the \ferld Ocean were used 
to solve these problems. Measurements of pA were made with the help of the 
FW-46 instrument described in [2]. Hiis is a visual hydrophotometer. During 
the measurements, the brightness of two fields is equalized. One of the 
fields is created by the natural radiaticxi of the sea, the other by the 
natural light of the sun and the sky illuminating a plate made of diffusing 
opaq\» glass. The instrument makes it possible to measure pA in six sections 
of the visible ^ctral region with relative error of 5-10%. During obser- 
vations, the values of pA are determined with different angles of inclination 
to the vertical and different azimuths in relation to the sun, however, 
for optical indication of water it is most convenient to use the values of the 


brightness cx)efficient wliich are measured at tlie nadir ^ uierefore all further /51 
cxanclusions refer precisely to this quantity p , 

As a result of studies it was established that change in two factors lias tiie 
greatest effect on the quantity: altitude of tlie sun and geometric structure 

of the incident radiation. 

Figure 1 presents the p^ values with different altitude of tlie sun h^ neasured 
in two different sea regions: in waters of high transparency (A) and in more turbid 

waters (B) . Although tiiere are no measurements of p,^ with the smallest values of 
the sun's altitude in the group of curves A, the general nature of the studied link 
is fairly evident: witli a change in the altitude of tlie sun from 0® to 20® - 25®, 

the quantity rapidly rises,* but further, with h® ^ 25®, tl'^ coefficient of 
brightness remains constant.** The data in Figxire 1 refer to two wavelengths A = 482 
nm and 569 nm, but this relationsliip is nonifest similarly in other sections of 

the visible spectral region. 
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Figiure 1. Dependence of the Brightness Coefficient of the Sea p 
on the Solar Altitude Uq. 1— for X = 480 nrn. ^ 


*With ITq = 0®, P^ ^0, since in a certain time before rising of the sun there is 
natural radiation of tiie sea formed as a consequence of illumination of tlie sea sur- 
face by scattered radiation of tlie sky illuminated by tne solar rays vhich are behind 
tne horizon. The same occurs during the setting of tiie sun. 

**The spread of values P ^ observed in Figure 1 is associated with the fact that data 
obtained fixm one point of the sea are presented here, but on different days, as a 
consequence of vdiiai tne quantity is influenced by tne small-scale variability in 
optical properties of the water. 
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Figure 1. II. For A= 569 ran. 

One can hypothesize that this nature of the dependence of X ^ on h^ is assoc- 
iated witii a change in tine total quantity of light vrtiich penetrates into tlie water 
and rapidly rises the first time after the ascent of tne sun, but changes relatively 
little with ho > 25° - 30°. 

In fact, the subsurface brightness of natural radiation of tlie sea, and oorres- /b^ 
pondingly, the brightness coefficient , significantly depend on the coefficient 
of transmission of the water surface for light traveling fror. the air into the water 
T' . It in turn depends on the angle of incidence of radiation o (or altitude of 
the sun Hq) . From here, tiie change in brightness coefficient of the sea with alti- 
tude of the sun roust be analogous to the corresponding cliange in the quantity of 
the transmission coefficient T'. This is confirmed by the graph in Figure 2, where 
curves 2 and 3 wirich illustrate the dependence of py(i^ on h^ are presented toge- 
ther with curve 1 vihicii corresponds to T' = f (l^,) . It is ^parent from the figure 
that the quantity T' ceases to cliange significantly ho> 30°, i.e., roughly in the 
same place cis . 
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Figure 2. Grange witli Altitude of Sun ITq in Transmission 
Coefficient of Light T* (curve 1) and Brightness 
Coefficient of tiie Sea p(^ = 517 nir.) Normed for 
its Maximum Value in Each Series of Meas- 

urements (curves 2 amj) (region of transparent 
waters) . 


A conclusion which is important for practice follows from liere. It states that 
oOTparison of the absolute values of p vAiich refer to different waters is lawful 

A 

only in tlie case v^ere tiiay are measured with h^ ’ 25° . With smaller values of the 
solar altitude, only the quantities p obtained with tne same or close values of 

A 

can be carpared. 

At tile same time, as shown by the measurement results in the regions A and B 
indicated above (Figure 3) , the sh^ie of the curves for spectral distribution of 
brigntness coefficient remains practically unchanged witii any values of solar altitude. 
An cinalogous piienomenon is observed in other regions of tlie ocean. 
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Figure 3. Spectral Distribution of Brightness Coefficient 
of the Sea p with Different Values of Solar Alti- 
tude h in Region of Transparent (A) and Relatively 
Turbid Waters (B) . 


All tiiat has been said above refers to tlie case of mixed radiation on the siea 
surface, but the brightness coefficient of the sea also perceptibly depends on tiie 
geometric structure of tlie incident radiation. Conparison of tlie values meas- 
ured witn mixed and conpletely scattered superficial light in different sea regions 
demonstrates tnat the absolute quantity Px wi^ oonpletely scattered radiation is 
always smaller than the mixed superficial radiation (Figure 4) . This correlation 
is manifest in tl.a roost diverse waters, regaxoless of tlieir optical properties, and 
is also associated with tne total quantity of incoming lignt vAiich is greater in 
sunny weatlier than in overcast, with other conditions equal. 

I 



Figiare 3. B 


Tliis allows us to draw a second iinwrtaiii cxjnclusion that it is correct to 
corpare only tliose values of p which were obtained with the same type (gecanetric 
structure) of incoming superficial radiation. At tlie same time, the sliape of tne 
curves, as with a diange in solar eiltitude, remains practically constant regard- 
less of the change in tlie type of superficial radiation. 
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Figure 4. Spectral Distribution of Brightness 
Coefficient of Sea P with Different 
lypes of Surface Radiation of Mixed 
Radiation (curve 1) and Corpletely 
Scattered Radiation (curves II) . A, 

B — region of waters of high transpar- 
ency, C — region of transparent waters, 
D — region of relatively turbid waters. 


The shape of the p curves, i.e., the relative spectral distribution of the 

X 

brightness coefficient of the sea characterizes the true color of sea water. It 
is determined only by the natural optical properties of the water, and does not 
depend either on the quantity or on the structure of the incident superficial 
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radiation. Ihls distinguishes the true color of the sea from its vi&ible 
color, formed by light from the sea and light reflected from the sea surface. 
Ihus, the sea visible color greatly depends on the illurrdnatla'i condition 
surface. 

This leads to the conclusion that the use of relative spectral distribution 
of sea brightness coefficient as a parameter, depending on the natural optical 
properties of the water, and not the absolute values of p> (which can only be 
oonpared if they are obtained under similar illumination conditions of the 
sea water) is more universal for c^tical recording of water. 
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EFFECT OF FLUCTUATICWS IN RADIATION BRIGHTNESS REFLECTED BY A DISTURBED SEA 
SURFACE ON THE ACCURACY OF DETERMINING Uffi BRIGHTNESS COEFFICIENT OF THE SEA 

V. I. BURENKOV, A. P. VISIL'KO^., 

B. F. KEL’BALIKHANOV, L. A. STEFANTSEV 

This work evaluates the effect of fluctuations in bric^tness of radiation 
reflected by the sea surface on the accuracy of determining the bri^tness 
coefficient of the sea. It is demonstrated that in certain cases, the exam- 
ined effect introduces a significant systenatic error into the determination 
of the brightness coefficient values. 


Existing techniques for long-range analysis of the sea chlorophyll concen- 
tration require higher neasurement accuracy of the spectral brightness coeffi- 
of the sea p(A) . The sea bri^tness coefficient of the sea is expressed by 
the formula 


P" 



Rm — RBh 
Eo 


( 1 ) 


The designations in (1) correspond to the designations in [1]. Measure- 
ment error of B , B„ and E vdrich include random errors and systematic 
m n o 
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errors of instrument graduation, depend on the characteristics of the specific 
instrument, tlius, for example, random error in determining B^, and of the 

spectropliotameter used in publication [1] is 2% in wavelength range 450 - 650 
nm. However, the error in determining p(X) according to (1) significantly depends 
on the ratios of and For waters with high content of absorbing substances, 

the contribution to of radiation RBj^ reflected fixxn tlie sea surface cein even 
exceed the contribution of radiation vhich is diffusely reflected by the sea mass 

- RBjj, For these conditions it is important to have correct analysis of the 
quantity RB^. This article evaluates the effects of fluctuations in radiation bright' 
ness reflected by tJie sea surface. 


Measuranents of ascending radiation B^, even xn the absence of sun glints reveal 
brightness fluctuations wnich are governed by glints in the sky, i.e., reflection 
vertically upwcurds from tiie disturbed sea surface of sections of the sky with differ- 
ences in brightness. In this case, the veilue of brightness of the reflected radi- 
ation whicli is averaged for distribution of inclinations of the disturbed sea sur- 
face generally speaking will differ frcxn the corresponding value of brightness in 
tlxe zenith. Hiis results ixi an error in the quantity Rbj^ in formula (1) . For our 
estimate we will assume in tlie first approximation that the brightness of the sky 
does not depend on the azimuth f , i.e.. 


Bn Bn ( 0 , 


( 2 ) 


where — zenith angle, — zenith angle of tlie sun. Hypothesis (2) is not basic. It 
is assumed because in practice there mainly is information regarding the brightness 
indicatrix of the sky only for tlie plane of the solar vertical. For the distribution 
of inclinations of areas of a disturbed sea surface, we will adc^Jt the distribution / 58 
function of Cox and Munk [2] in a sinplified form 
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-'. 10 . 0 , 


c.xp 



l — Zx'/ox, 1] - Zy'hy, ^x'-siiu lgB, Zy'=*cos e IgB 
0.003+ 1, 92- 10-3 V. ny3 = 3,16- lO-^v, 


( 3 ) 


vAiere V -- wind velocity in m/s. The distribution function (3) can be integrated for 
tlie azimutli [3] . As a result we obtain an c^proximately Gaussian distribution 


p (B) «Ce,xp 
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(4) 


The constant C in (4) is defiiied from the condition of norming. The average 
value of radiation brightness of the sky reflected by the sea surface at the zenith 
is expressed by the integral 

(5) 

, r.2 

<B„> f /?(B)fl„(2B) p(B)JB 


Taking into consideration tliat pt)) rapidly diminishes with large o , in (5) one 
can assume that R{o) 0.02 — ^value of Fresnel's coefficient of reflection witli normal 
incidence. Integral (5) was conputed numerically. The brightness indicatrix of the 
sky was taken from [4] . In this case the brightness values for the solar corona were 
determined by extx^xDlation . 

The nost iirportant feature of the findings was the fact that < Ba " notice- 
ably differ from RB(0) . Figure 1 presents the values aB=<B|^-> -RB(0) referring 
to - ^ , depending on tlie wind velocity for several values of the zenith solar 

angle ( \ = 445 nm) . Attention is drawn to tlie nonmonotonic dependence of ^ B/ < Bj^ . 
on 4> (Figure 2) . Vfe also note that a B/< - witli \ = 635 nm is greater than the 

corresponding value with X = 445 nm, because of the greater extension of the bright- 
ness indicatrix of tlie sky with \ = 635 nm. 

The relative error in determining p(x) associated with fluctuations in bright- 
ness of the reflected radiation is expressed by the formula 


Figure 1. Dependence of AB/< B > on Wind 

Velocity on A = 445 nm with Dif- 
ferent Zenith Angles on the Sun. 


■/f‘ sn (6) 

p <B„> ' n, 

v^ere Bg = Bj^ - RB^j — brightness of radiatia^ diffusely reflected by sea mass at the 
zenith. We note that for waters with high content of absorbing substances in the 
blue spectral region, the ratio < Bj^ can even exceed one. Therefore, for these 

waters consideration of brightness fluctuations of reflected radiation is basically 
iirportant. As one can see from (6) , difference in < from Bj^(O) can result not /59 

only in errors in detemdning p, but also, what is more important, in the spectral 
dependence of this error. 
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Fi gure 2 . Dependei'.oe of A B/ < B > 
on Zenith Angle of Sun. 


In order to evaluate the qucintity of flueouations in brightness of tjie ascen- 
oing radiation the secxjna moment was also included 

< b 7 < f /?((-» (B..(2H) (7) 

■ I • 

Hien tlie relative oispersion will be expressea by the forr.iuia 

_a.. »• 'V (8) 

<Bxi> ( 1 -f H) <^Jh > 


where M = bg/ 
assuirea 


^or tne Gulf of Odessa^ oasea on es^rinental data, it was 

\ H5 556 635 
\i 0.3 1.5 0.7 


Figure 3 illus traces tlie dependence of relative uispersion on the wind velocity. 
Ihe consiaeraoly smaller values of *> with x = ot5 nm are explainea by tlie 
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Figure 3. Dependence of Relative Disper- 
sion of brightness Fluctuations 
in the Sea on Wind Velocity for 
Zenitii Angle of the Sun 4 ,= 40®. 

Hie nuntiers on tne curves are 
the wavelengtiis in nm. 

fact tiiat the maximum of cdffusely scattered radiation corresponds to tlas spectral 
region. Vie note tliat bie uata in Figure 3 to a certain extent represents tiie njper 
estinete, since tne calculation adopted extrene values of p, and in addition, the 
zenitii angle 4 .= 40° also corresponds to the maximum brightness fluctuations. 

It should be stressea tnat because of the aaoptea assuniptions , the presented 
data iiave an estinated nature, 'flius, tiie calculations sncw that in certain cases 
tile examined effect will introduce a significant systenatic error into tne determina- /bl 
tion of the 0 (\) values. At tlie same time, tne Deviation in < fron brightness 

of tlie sJ<y at tne zenitii is apparently more basic. It is deviously difficult to 


consider the error in each case, since this requires additional neasurements. 
One can conapute the deviation in AB/< > for averages brightness indica- 
trixes above the sea at different wind velocities. Thus ( 6 ) can be used to 
estimate the relative error 6 p/p. Since variability in bri^tness indica- 
trixes is usually low, measurements of wind velocity and solar altitude can be 
used for the corresponding correction, thus reducing measurement error. How- 
ever, there is currently not sufficient statistical material on the bri^tness 
indicatrixes above the sea. 


BIBLI0C3«^PHY 

1. Bumkov, V. I.; Vasil 'kov, A. P.; Kel'balikhanov, B. F.; and Stefantsev, 

L. A. "Evaluation of the Chlorc^yll Concentration in the Sea from the 
Spectrum of Ascending Radiation for Waters with Hi^ Content of Dissolved 
Organic Substances", this collection. 

2. Cox, C.; and Munk, W. "Slopes of the Sea Surface Deduced Photographs 
of Sun Glitter", Bull . Scripps Inst . Oceanogr ., vol 6 , No 9, 1956. 

3. Schau, H. C. "Measurement of Capillary Wave Slopes on the Ocean", j^l . (^t . 
VDl 17, No 1, 1978. 

4. Sandomirskiy, A. B.; Al'tovskaya, N. P.; and Trifoneva, G. I. "Bri^tness 
Indicatrixes at Altitudes 8-17 km", Izv. AN SSSR, Ser. Geofiz, No 6 , 1964. 


MtASUREt-IBNTS OF NATURAL UNDERWATER IRRADIANCE IN THE INDIAN OCEAN 
V. I. YEREMIN, G. G. KARLEEN, O. I. ABRAMDV and L. I. LOBOV 


This article presents the results of deep-sea (to a depth of 450 m) mea- 
surements of natural underwater irradiance in the blue-green and UF-regions 
of the spectrum that were made at 10 stations of the Indian Ocean on the 10th 
trip of the scientific research vessel "Em. Nendeleyev". Plans and a des- 
cription are given for an irradiance recorder vdiich guarantees a dynamic range 
of measuremants of ei^t orders with continuous recording of the results on a 
self-recorder tape. 

A technique is described for graduating the photoreoorder and making mea- 
surements with it. A ccsicise analysis of the findings is made. 


On the 10th trip of the scientific research vessel "Dm. Mendeleyev" in the 
Indian Ocean, deep-sea (to a depth of 450 m) measurements of natural underwater 

irradiance were made. As on the 5th trip where similar measurements were nade^ 

^ See the monograph Gidrofizicheskiye i gidrooptlcteskiye issledovaniya v Atlan- 
ticheskcm i TiichonTokeanakh ( ^^rfydropEysical and riydrooptical Studies in the 
Atlantic and Pacific Oceans") , Izd. Nauka, 1974, pp 170, 183. 73 




the submergible photoreceiver was a PM installed in a hermetically-sealed box 
v/ith wide flat illuminator. No oollectoirs were used to correct the beair. pattern 
of the receiver, liermetically sealed glass colored filters witli relatively wide 
band of transmission were installed on top of the illuminator on the receiver. In 
order to measure irradianoe changing in broad limits, the pcxver voltage of tlie PM 
was regulated. As a result, because of the siinplifications adapted in the receiver 
and the use of a liighly-sensitive PM, threslxald sejisitivity cn the order of 10“® of 
the quantity of above- water irradiance was obtained. 

In preparing the measurement equipnent, primary attention was focused on expan- 
ding tlie dynamic range of the receiver and guaranteeinc, automatic recording. Wlien 
tlie instrument was submerged, it would permit obtaining of a vertic il course of ir- 
radiance at the greatest possible water masses with a constant rate witnout switching 
the regimes. 

The receiver was equipped with a cable witli current -collector. Tne PM was 
pcwered from an autcxtiatic device witli output to the self-recorder. 

The structural plan and sdiematics of the receiver are shown in Figures 1 and 2. 
Voltage is fed to the PEW separator from a transformer on the toroidal transformer 
Tr2 and transistors T4, T5 operating in a key regime with switching frequency of 2 kHz. 
The voltage coming to tlie transformer is regulated by transistor T3 and by direct 
current amplifier on Tl and T2. At its inlet, the current of the PCM and tiie refer- 
ence direct current igtab compared. In tiiis case, because of feedback, a regime 
of ^proximate equality of these currents is estabiishea in the receiver regardless 
of tiie irradianoe of tlie PM catiK>de. 

Voltage is fed from tlie transformer outlet to the self- recorder. It serves to 
measure the radiation falling on the PCM cathode. 
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Figure 1. Structural Plan of Radiance Recorder 
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1. rectifier 

4. 

LV/UV transformer 

2. caiparison circuit 

0 A 

PM 

3 . anplifier 

6. 

self-recorder 


Dependence of irradiance on deviation of tlie self-recorder in the receiver with 
PCM-53 is shown in Figure 3. In order to obtain a graduated curve, a tube is used 
witli a set of diapiiragins with diameters from 100 nr. to 0.01 itm (Figure 4) . Wnen 
graduation is done witn a direct radiation source, this guarantees range of fixed 
values of irraoiance of eigat orders with spacing of 0.3 orders. Large-diameter /6^» 
di^hragms were cut into tiie itiachine, average diameters ((? 3.6 - 0.32 ram) were 
drilled, wliile di^hragms witli^O.lS itm and less were punched in foil 0.01 ram thick 
and measured under a microscope. 

Usually solar radiation at the noon hour was used for graduation. The receiver 
witli the tube installed on its illundnator was oriented witli its axis tcwards the sun. 
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Figure 2. Schanatics of Pcjwer Block for PM with Autcnatic 
Amplification Regulation 

Ihe power block in ttie self- recorder v;as turned on, the di^liragm was ctianged fron 
the maximum to the minimum. A graduated curve was plotted from the obtained gradu- 
ated recording. 

The teclmique for neasuring underwater radiance from a drifting ship was reduced 
to submerging the receiver on a cable with unchanged above-water illurcdnation, and 
obtaining a reoorciing of tne ou^ut signal on the self- recorder t^)e with depth 
markings. An exanple of tne recording (Stained on one of the stations is shewn in 
Figure 5. Dependences of underwater irradiance on depth were constructed from the 
recording with the help of a graduated curve. 

One should note tiiat despite the need for converting tlie obtained data, the , 
undoubted advantages of continuo\iis recording are preserved. Hie self-recording tape 
successfully traces iitportant sections of the course of the irradiance with depth. 


Figure 3. Graduated Curve of Irradiance 
Recorder (stabllizatlc»i current 

100 »jA) 



the effect of tlie ship's shadow during opeiution from tiie shaded side, etc., factors 
which were usually lost during measurements by points. 


Ihe equipnent used in these measurements has the following specifications: 


Covered range of cliange in radiance 

Error in measurements 

Spectral ranges of measurements 

Recording of irradiance 
Indication of depth 
Rate of stratification 


Up to 8 orders 

Not more than 0.2 orders 

1. = 0.52 urn; A\= 0.06 pm /ol 
(green filter) ; 

2. UV- range; attenuation at A > 0.4 m 
no less than 5 orders (UFS-6 filter) 
Automatic with conversion for grad- 
uated curve 

On block-counter of cable witli markers 
on self-recording tape by pressing knob 
1-2 n\/s 
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Figure 4. Graduating Device 


Key: 
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Figure 5. Exanple of Raoording on Self-Reoord- 
iiig Tape with Measurements of Irra- 
diance. bV spectral region, d^th 
to 350 m. 

Hie measureriients were made at the following stations in the Indian Oceeui: 

Station 739, 740 — in tne central region of the Indian Ocean, at 20“ soutnem latitude; 
Station 741 — 200 miles to the east of Rodrigues Island; 

Station 757 — in the northern section of the Gulf of Mozambique, northwest of the 
Aldabra Island; 

Station 765 — 200 miles to Lie west of the Amirante Isles, 

Station 769 — 100 miles to the east of Chagos Islands; 

Station 779, 780 — in th'^ eastern section of the Gulf of bengal; /68 

Station 790 — in tiie Andaman Sea near the Andaman Islcind. 

The obtained results, the course with depth of natural underwater irradiance in 
the blue-green and UV spectral region, as well as the data from conputing txie indi- 
cators of vertical attenuation of irradiance (witn a decimal base) are given in 
Figures 6 - b. 
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The findings were used to solve a number of applied problems. Detailed anal- 
ysis of the results, tl^ieir oonparison with geographical, hydro-optical characteristics 
of the stations, the weather situation, wave action, etc. is beyond the framework of 
this article. One can only note certain of the observed letws. 

Stations 739, 740 and 741 were characterized by high transparency of the water 
in the UV-region, and constancy of the indicators of \'ertical attenuation by depth, 
starting with the i^^per levels. At Station 745 in Madagascar, the deep layers of the 
water(deeperthan 100 m) were more transparent in the blue-green region than the upper 
layer, while in the UV-range, tlie transparency was reduced in the entire mass at depth 
of 250 m (maximum for the UV-filter at tliis station) At the subsequent stations, 
because of the currents and proximity of the shore and islands, the water was more 
ncxiuniform in depth and its transparency in the UV-region was reduced, especially in 
the waters of the Gulf of Bengal (Stations 779 and 780) . At Station 779 one can note 
a change in tlie course of curves at two deptlis; 50 and 80 m. Hie more turiaid layer 
at deptn from 50 to 80 m was traced both in the blue-green and in the UV-regions of 
the spectrum. Attenuation was ^^arently caused here by suspensions of mineral ori- 
gin whose characteristics are not very selective for the spectrum. 

A general law governing the obtained curves is stability in the indicators of 
the vertical attenuation at depths greater than 150 - 170 m. Whether this moans 
that in measurements of natural underwater irradiation it is sufficient to Ise limited 
to depths to 200 m must be shewn by mass measurements in waters of different type and 
contparison of the data of these measurements with primary and other hydro -optical 
characteristics vhose heterogeneity is generally observed to much greater depths. 

30 





Figxore 6. a. Station No 739. 27 July 1973. Sun 

through naze, clouds. 1. green filter 
11:20 a^D (50 - 400 m) = 0.013 1/m 2. UFS- 
6 filter^ 13:20, a^p (50 - 300 n) = 0.024 1/m. 

b. Station No 740, z9 July 1973, clouds, sun 

through haze; 11:30; UFS-6 filter a (;jp (50 - 
300 m) = 0.02S 1/m. ^ 

c. Station No 741, 31 July 1973, overcast; 

1. green filter 9:35, acp (50 - 400 m) = 

0.014 1/m, UFS-6 filter; 9:55, acp (50 - 
300 m) = 0.027 1/m. 

d. Station NO 745, 6 August 1973, cloud cover 
3-5 points; 1. UFS-6 filter, 10:45, acp (50 - 
250 m) = 0.0321/hi 2. green filter, 11;25, oi 
(50 - 100 m) = 0.02. 1/m acp dOO - 400 m) = ^ 
0.014 1/m. 
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Figure 7. Station t’to 757, 11 August 1973; cloud cover 1-3 
vxjints, sliady side 1. UFS-6 filter 12:30 acp (50 
- 200 m) = 0.041 1/m 2. green filter 13:18, ucn 
(50 - 400 m) = 0.014 1/m ^ 

b. Station No 765, 18 August 1973, clear, shady 
side; 1. green filter, 12:10, a^n (200 - 450 m) = 
0.015 1/m 2. UFS-6 filter 12:20 a dOO " 150 m) 
= 0.046 1/m ^ 



c. Station No 769, 31 August 1973, clear, sha(^ 
side 1. green filter, 13:10, (200 - 450 m) = 


m) 

<''r016.J-/m 2. UFS-6 filter, 13:2U, (150 - 200 m 


= 0.041/m 


CP 


u. .'^S.:ation No 779, 15 September 1973, cloudy, sun 
i.jvrc / ■.. haze, sunny side 1. UFS-6 filter, 15:55, a 
(0 - 50 m) = 0.029, aqj (50 - 150 m) = 0.055 1/m 2. 
green f’.lter, 16:10, “cp (0 - 30 m) = 0.012, app (5 
350 = 0.021 1/m 



Because of shortoontings of the equipment and measurement techniques, the mea- 
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sursnents have low selectivity for the spectrum, and the dynamic range is inade- 
quate at large irradiance, despite measures to e)q>and it. Stratification could 
not be done in certain cases, starting with above-water irradiance. Ohese short- 
comings were partially removed in later studies of iiatural underwater and under-ice 
irradiance. Measures have been taken to linearize (in a logarithmic scale) the 
receiver graduated curve. licwever, these measures cannot result in increased accur- 
acy and constriction of their dynamic measuranent range since extreme (in the region 
of greatest and least irradiance) sections of the receiver characteristics are 
excluded. Hiese sections are the most difficult to linearize. 

In conclusion, the authors are grateful to the hydrooptics department of the 
P. P, Shirshov Institute of Oceanology for great help in preparing and conducting 
the studies. 

ATTENUATION OF SOIAR ENERGY FLUX WITH DEPTH IN WATERS OF THE INDIAN OCEAN 

PELEVIN, V. N. and RUTKOVSKAYA, V. A. 


Extensive experimental material shows a close correlation between the vertical 
light attenuation indices in the ocean aiX in the range 380 A ^ 600 nm. Coeffi- 
cients are obtained for a linear regression relationship between a4^soo and aiX for 
this spectral interval. A map is given for the distribution of the optical water 
type indices irr^lOO alsoo in the Indian Ocean. The link between the distribution 
and the basin hydrology is e^lained. The attenuation of photosynthetic radiant 
energy (PRE) with depth corresponding to an optical classification of waters j.s 
oonputed. A simple technique is presented for evaluating the level of underwater 
PRE irradiance and spectral light oonposition to 100 m in differfnt regions of the 
ocean. The optical water type index m and the level of primary production eune given. 

Data on the spectral attenuation of li^t based on the classification of ocean 
waters of Yerlov [2] were >ised [1] to calculate attenuation of the solcu: energy 
flux in the Indian Ocean. Stucty [3] has suggested a new optical classification of 
ocean waters based on spectral attenuation of solar radiatxon in ttie near-surface 
layers of water which is a development of Yerlov 's classification and is based on 
measurenent data frexn instrunents with high spectral resolution. In [4] the new 


£3 


classification calculates attenuation of solar radiation flux of the Pacific Ocean. 


Ihe ejected levels of irradiance created by photosyntlietic radiant energy (PRF.) 

’^80 \ < 710 rr\ are oonputed at deptiis to 100 m in different water areas of the 
Pacific Ocean. Hie width of the spectral interval of the solar radiation flux is 
estimated at different levels and tlie values of tlie index of the optical type of 
water arecorpared with the level of primary production. 

In this work we continue this trend, examining the question of attenuation of 
solar energy in the waters of the Indian Ocean. We will examine the degree to wiiich 
the pinpointed data for typical spectral courses oi'^A cliange tire estimates of attenu- 
ation in solar radiation. 

We will first dwell on certain questions associated with verifying and selecting 
the most convenient presentation of classifications suggested in [3] . Additional 
experimental neterial [4] was used for these purposes: 129 stations in tlie water area 

of the Pacific Ocean, 76 stations in tlie Indian Ocean made by different autiiors, and 
data of measurements of Morel and Prieur [5] in the Atlantic and eastern section of 
the Pacific Ocean. We examined the question of hew well the values correlate 
in different regions of tlie visible spectral area witii values wnich cemprise 

the basis of tlie one-parametric classification of ocean waters. All the data enployed 
fer were obtained with high sun i. 45°) and were averaged for the layer up 
to 100 meters thick. At certain stations, the measuriaments weire made to depths less 
than 100 meters. In these cases, were averaged for the layer of water of less 

thickness, but no less than 40 m. 

Ihe results of processing the roeasui:ements in tlie Pacific and Indian Oceans I'rtiich 
were used to plot m^s in [1, 4] are presented in Figure 1. The values a4A are 
plotted on the y-axis for wavelengths 432 - 445 nm (a) and 465 - 480 nn (b) . The 
corresponding values of the w'ater index m according to classification 3 are 



Figure 1. Dependences of “^ 432 - 445 ^ 465-475 Value 

of Water Type Index m = 100 a 4 ^qq. 


plotted on the x-axis (m = 100 a+ 590 ) . In Figure 2,a\ 400 (a) , al 539 (b) and ai 590 
(c) are plotted on the y-axis according to [5] , while tiie correspoixiing 0^^500 are 
plotted on the x-axis. /l.T the values of a+A were taken with a deciiral base. 

It follows fron thc 3 t figures chen: 1) there is a correlation between a+A and / 75 

3 QQ in the range of wavelengths 400 1 A<_ 580 nm. The correlation is especially 
high for tlie interval 432 530 nm; 2) the relatior # r,p between a+A and a+ jqq 

for all the examined waters from extremely transparent index type approaching 
one, to very turbid water of the near-continental upsellings characterized by index 
8 and higher, is described well by the linear regression equation. 


The regression eqiiations and the sarpling standard deviation are given in Table 
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TABI£ 1. lEPENDEira: OF aU al 5Q0 


Standard Deviations 


a, M ’ 

m 0 

m > 5 

®440o — 0.008 4“ 1.0 

0.00? 

0,012 

-0.014 4“ 1.7 >ut ...ij 

nonr> 


■**M • * 0.006 1.2 ■ino 

0.00 1 

0 on 4 

* 1 

*=® '^012 ** 0,8 If , 5 ,0 j 

0,001 ^ 

(H104 

04 I 

0 006 

'010 



Figiare 2. Dependences of '^■* 400 /“^ 53O and“+ ^qq on“+ 500 

It is cgDparent fran tlie table that the standard deviations of the measured vaDues 
a 4 ^ from those predicted by the regression equations are very small. The case ml 5 
enccrpasses an overv^elrning pcurt of tlie water area of the World Ocean. Tliis means 
tiiat for exanple, with probability of 95%, ’the prediction for 432-445 according 
to the optical index of water type differs fran the measured fcy no more than 0.003 
m~^ to a certain side. Tlie latter quantity yields, for exanple, for clean waters 


(m = 2.0) relative error equal to 15%. Ttie main error in evaluating is not 
caused by error in the regression equation, but insufficiently accurate knoMledge 
of the water type index m. Thus, publication [61 notes that with direct measurements 
of accuracy of 8% is guaranteed (standard error) . In this case, tlie confidence 

interval of 95% for m is ^ 16%. For exanple, water with index m = 2, this means that 
the true quantity “^ 432-445 with probability of 0.95 differs from the predicted 
no more than 28%. This confidence interval significantly exceeds that determined by 
tlie regression equation, therefore accuracy of the prediction under real conditions 
is determined by the accuraco Icncwledge of the water index. Witli additional meas- 
ures for increasing accuracy of loicwledge of m, the error of prediction will be deter- 
mined by the quantity of the standard deviation (Table 1) . 

Since a good linear relationship has been found between aix and m, the system 
of curves of optical classification presented in graphic form in [3] or in tabular 
form in [4] , can be represented in the form of the following equation: 

7 , ^ li . 1 /) ., • m. 

where a x and b^ — coefficients corputed for five spectral regions from data presented 
in Figures 1 and 2, and for the remaining \ obtained analogously. The values of the 
coefficients ^ and b x are presented in Table 2. 

The right side of tiie table presents the standard deviations o for a+X from 
the quantities computed according to (1) with known m. For waters with m ^ 5 (this 
gradation includes almost all waters of the World Ocean) is small, but in turbid 
waters vrtiere m> 5, tlie standard deviaticxi drastically rises. 

If measurements of uix are nade in some waters with wavelengtn x* ^ 500 nm 
(with narrow-barvd light filter of width no more than 8-10 nm) , then the water type 
index can be estimated as n = '‘iUZIl 


TABI£ 2. VMUES CF COfcPFICinrrS IN EQUATION (1) 



ax • I0», M-' 

ftx . 10*. M-* 

Oa • 

m .. 5 

10 * 

m > 5 

3d0 

~1.0 

1.7 



m 

-1,2 

1.8 

0,6 

1.2 

410 

- 1.7 

2,2 



\20 

-1.6 

I 04* 



MO 

- 1,4 

1,75 



too 

-0,0 

1 33 



4^ 

■“0.5 

1^2 

0,10 

0 4 

500 

0 

1 

0 

0 

520 

J.O 

0.03 



530 

u 

0,60 

0 10 

n ’ 

540 

1.5 

076 



560 

2.4 

0,70 




3,0 

0.04 

0.6 

1.0 

000 

62 

0,60 




Tlie error in detenrinirig aix* (i.e., Aaix *) is tJie nain recison for the error / II 
in Am in the value of tlie water type index which in the itajority of cases exceeds 
the error of the regression equation. These errors are associated by the correlation 
b^Am = AnU*. 

In evaluating the Vy^ater tiT® index, it is reoownended that ineasurenents of 
be used with 4321 >^1530 nm, because of the strong increase in the errors beyond the 
limits of this region (corrpare the values of standard deviations in Table 2) . 

The values of the water type index for the Indian Ocean were evaluated according 


to (1) . 


We will now return to the question of attenuation in the solar radiation flux 
in the waters of the Indian Ocean. It is first of all necessary to examine the dis- 
tribution of water type over the water area of the Indian Ocean. 

The map of geographical distribution of optical index of water types of the 
new classification in the Indian Ocean is given in Figure 3. Its plotting used the 
same experimental data as in [1] . Stations were selected which refer to the winter / 78 
period in the Northern Honisnhere. To the south of the equator, all the available 
data were left, regardless of the season, since the hydrometeorological situation here 
is more stable than in tlie ^brthem Hemisphere where the direction of the monsoon 
winds changes during the year. At the points designating the stations in Figure 3, 
we did not put the nunber of water types according to Yerlov, i.e., I, lA, IB, II, III, 
but the optical index of tJie water type m = 100 iii+500‘ measurements of aU * were 
trade at this station with \* / 500 run, the estimate of m used ratio (1) . This tech- 
nique actually does not differ from that described in [41 . 

In the case wliere meeisureiTients were made at one station in several light filters, 
the estimate of m was made according to aix in several spectral regions within the 
range 4321 ’ i 530 nm, and then the cbtainod values of m were averaged. In those 
cases where measurement results were processed v^iich were obtained in broad-band 
light filters (with transmission band exceeding 8-10 nm) the change in effective /79 
wavelengtli transmission witli depth was taken into consideration, as described in [4] . 

It is also indicated there that the standard error Ojj, in evaluating tne value of the 
m index with averaging of the data in the lOOmeter layer of water does not exceed 
10% of the index value \Nhen measurements are used made with solar altitudes IVj j^45° , 
with light filters that do not go beyond the limits of tlie stipulated spectral 


interval . 



Figure 3. Distribution of Values for Water lype Index ir (3ver Water 
Area of Indian Ocean. Left insert — level of annual in- 
flux of solar energy; right insert— depths at which PFE 
level was attenuated 100-fold. 

The isolines on tne niap v;ere made according to division of the values m into 
the same groups as for waters of the Pacific Ocean [4] : m_l 1.5; 1.3< m i 2.1, 2.1< 

m^2.9; 2.9<m <4.1;m>4.1. Hius, tlie distance fron tlie middle of the interval 
to the boundaries was alx)ut 2 o Greater detail in the division for making the 
isolines would be unjustified with the available accuracy of the measurement data. 

Cne can see the following pattern for distribution of optical water types in 


the Indian Ocean in Figure 3 : the greater part of the ocean ( ^ 60%) fron the Asian 

continent in the rvorth to ' 30® s.l. in the south (in the more southern regions, there 
are insufficient optical data or there are none at all) is occupied by typical clean 






ocean waters with 1.5 < m * 2.1. This also includes waters of tlie equatorial 
counter current which follows to the east along tlie equator, and the trade wind 
current vrtiich is observed in this season in the south and southeast of the Hindustan 
Peninsula (7] , as well as the greater part of waters of tlie Bengal Gulf in the zone 
of the anticyclone circulation. 

Within this enontous mass of typical clean ocean waters, to the south of the 
equator there are two "enclaves'* which are significant in dimensions and nave extremely 
different optical characteristics. These are the zones of the south-Indian Ocean 
convergence (SliOC) and tiie south-tropical divergence (STD) . The axis of the conver- 
gence in Figurv 3 is shexm by crosses, and the axis of divergence is shown by dots. 

The SIOC is formed on tlie boundary of the trade wind current which follows to the west 
and the south-Indian Ocean current wiiich is directed to the east and northeast [7] . 

In this 2 sone, which does not have an influx of nutrient substances from belc 3 w and 
vhich is far from the coasts, conditions for development of phytoplankton are diffi- 
cult. This determines tlie high cleanliness of the waters (m 1.5) . 

The STD is located in the western section of the ocean, somewliat to the south 
of the equator. It is formed by cyclone circulation on the boundary of the toxie 
wind (current and the eejuatorial (counter current [7] . Elevation of biogenic substances 
from deeper layers causes intensive development of phytoplankton in the superficial 
waters, and (correspondingly, increase in their turicidity (2.1- m 2.9) . 

In the Arabian Sea, in the winter period, a closed currait of (cyclone nature is 
(icserved whi(ch creates a zone of divergen<ce that enoon|:.asses die entire sea [7] . 

This causes active reproduction of phytoplankton. In acidition, tlie aeolian sources / 80 
of suspension from the Arabian deserts caui be influential here. Botli of these fac- 
tors determine the increased (cptical index 2.1 < m jf. 2.9 (analogous to the STD index) 


which is clearly traced on tlie map. Waters of the northwest periphery of the 
i\rabian Sea with index 2.9 • m ^ 4.1 eure classified as very turbid ocean waters. 

In addition tc the indicated factors, the influx of water from the Gulf of Persia 
and the Gulf of Cman which are rich in suspended matter and nutrient substances can 
also play an additional role iiere. 

In the Gulf of Bengal, on the contrary, an anticyclone circulation of water is 
ctoserved [7) . It results in the develc^ament of convergence, and despite the prox- 
imity of the coasts with high water run-off carrying suspended and nutrient sub- 
stances, clean waters are observed in the greater part of the gulf (1.5 ml 2.1) 
which are washed off with the noin nass of typical clean waters of the Indiem Ocean. 

A tendency towards increase in the optical index of the water type is only noted in 
the region of the Ganges delta. In the eastern part of the Gulf of Bengal, on the 
shores of Sumatra and in tl>e region of Nicobar Islands waters of increased turbidity 
are noted: 2.1 m 1 2.9 which stretch to tf»e meridian 90° e.l. Further to the west, 

to the coast of the Island of Ceylon and the northeast coast of the Hindustan Penin- 
sula, typical clean waters are chserved 1.5 ■ m ■ 2.1. 

The optical characteristics of water in the Indian Ocean in direct proximity 
to the shores of Africa anci Australia have not been studied. On the map in Figure 3, 
these regions are the "vmite spDts", and to the soutli of 30° s.l. 

The discussion above of the nap results in the hypothesis that on the water area 
of the Indian Ocean tiie main factor which determines the optical properties of the 
waters (mediated through hydrodynamic processes, tiie pnenomena of convergences and 
uivergences) is tlie vital activity of biocenoses, and prinarily, phytoplankton. It 
is tiierefore important to oenpare the map in Figure 3 witJi the naps for oistribution 
of phytoplankton concentration or level of primary production (PP) . A detailed map 


of primary proauction in tlic near-aurfaoc water layer was used [B] . This public- 
ntlcm isolated four gradations of PP level in open waters: up to 1.0, from 1.0 to 

j.O, from i>.0 to 10.0, from 10. C to bO mgC/m^ x day. In Figure 4, tiie centers of 
tliese gradations of PP level are plocteo on tiie x-eixis in a logaritnmic scale, waile 
tae oorrcsponding values of tne' water type inuex at the stations are plotteu on tae 
y-axis. Tiie standard deviations of tliese values are presented. Tiie fieiu of the 
figure indicates tae number of stations in tius oorresponaing sanvlings referring to 
eacn of tlu: PP level gradations. Regression close to linear is obscrveu wit.: a 
considerable spread of die data in Figure 4. 



Figure 4. Ccrparison of tl»e Level of P nrv Prod'.wtion 
in the Near-Surface Layer Oj in Tnoian 

Osean [8] and Value of >. -ical V;ater 
Type Index r.i. The centers oi ^jur gradations 
in level of productivity circ plotted or. the a- 
axis, the average value m in tlie oorresponaing 
regions and standard deviations ace plottxo on 
txie y-axis. The numbers on the figure field are 
tlie minber of stations jJI the ..jtipling. 




Calculation of tiio wjuantity of radiant solar energy waioi reaches a oefi- 
nite deptii in tne Indian Ocean was inaoe in the sane way as for the Pacific Ocean 
14] , from bie value of tne water type index and tiie level of irradianoe of tne 
surface. The basis for this is the fact that vhen the system of optical classi- 
fication of water for stectral attenuation of solar light with depth was developed, 
experimental data were used obtained in waters of three oceans, Pacific, Inoian and 
Atlantic [3] , and no ditferenoe was noted in tlie central courses of . 

The order of tlie ccnt'utation of attenuation in solar energy is described in [4] . 
Because of tlie cxxpleteness of the presentation, a figure is reproduced from this 
publication. The level of integral irradianoe light in the range 380 1^1 710 nm 
in percentages of tiie level of surface irradianoe in the same spectral range is 
plotted on the y-axis (Figure 5) . The values of the water type index are plottea 
on tile x-axis. The o'lr^es rcjfer to deptns frc»n 5 to 100 m. Calculation of the 
nonrogram in Figure 5 used dati regarding tire spectral distribution of solar radia- 
tion at tie level of the sea surface for a iiign sun, taken from [9, 10] . 

By knowing the integral irradianoe of tiie ocean surface in tne interval 3b0 - 
710 nm (i.e., the PRE at tiie surface), it is sufficient to multiply it by the coeffic- 
ient taken from Figure 5 in order to obteiin the PRE at tiie given level. For example, 
in order to determine the annual influx of PRE (close to the general level of influx /82 
of solar energy, starting from depths of several meters) at a definite level in a 
given water area, it is necessary to fulfill the following operations. First of all, 
we ur.ed the data [11] presented on the left insert of Figure 3 which give the annual 
influx of solar radiation to the surface of the Indian Ocean. Secondly, the value 
taken from the map should be multiplied by tlie coefficient which estimates the per- 
centage of PRE in the general solar «-nergy flux at the level of the sea surface. 

According to tiie data of neasurements in tne Indian Ocean, this coefficient averages 
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Figure j. Transniission Coefficient of Pliotosyntiietic 

Radiant Energy (380^ x ^710 nir.) of tne Upper 
Ooean Mass Depending on tiie V»ater lype Index 
ni. Eq and E^ — surface irradianoe and irraoi- 
ance frcxn above at depth z respectively. 1 — z 
= 5 m, 2—10, 3—25, 4—50, 5—75 and 6—100 m. 


0.44 [12]. Thirdly, the obtained value should be multiplied by the coefficient which 
is determinea front the inoex m from the graph in Figure 5. 

Publication [4] has shown tliat tlie main error in tliis calculation develops be- 
cause of inaccurate knowledge of the water type index. It increases with depth as 
2.3 X z XAai =2.3 x 10"2 z xAm, where a m is tixe error iii the value of tlie water 
type index. V.itii relative error in estimating t»ie index m in constructing the map 
(Fi.gure 3) corresponding to 0.1, i.e., 10%, tlie relative error in calculating the 


underwater irradiance equalled 2.3 x lO'^ z x m (z in meters). For exaayle, for 
water type 2.0 0.2, the relative error in oonputing tuie PRE for depths 10 m and 

100 m equalled respectively 0.046 and 0.46, i.e., 4.6% and 46%. Ihese estimates 
make it possible to oonpute the error in E i for eadi specific region and level. 

One can use the sane Figure 5 to exanine the questicm of at whiai deptiis the 
PRE level attenuates a certain number of times. TSie depth at wnich the PRE level 
diminishes 10^ tines, is ^oiretines adopted as the conditional local boundary for 
the layer of active pliotc»yntliesis . Hie oorre^xinding levels for the water area of 
tlie Indian Ocean are given on tiie right insert of Figure 3. 

Ihe spectral composition of light underwater is also associated with tlie optical 
index of water type. Fuolication [4] gives estimates of tlie widtii of tiie spectral 
intervals whicn include solar radiation at different depths (for level froiti the 
maximum E^ A (z) ) . Wliereas at deptli 10 m, the widtli of tiiis interval is 240 - 210 nm 
vwith cliange in the index m, respecwxvely, from 1.2 to d) , at depth bO m, tlie inter- 
val diminishes to 12d - 103 nm, at deptli 100 m — to loO - 75 nm (witn indices 1.2 and 
5 respectively) . In this case tlie wavelengtli of the greatest spectral density 
underwater irradiance does not change with submersion for clean ocean waters 

1.2 < m l2.1, and corresponds to » 480 ^ 10 nm. With an increase in the water 
type index 2.1 to 9, A^^^ increases with submersion, reaching the asynptotic value 
570 - 10 nm for m = 9. The asynptotic values Ajjjgj^ are reached with submersion very 
quickly and are actually determined only by the water type index. 

We will compare the results obtained in tliis work and in [1] . Conparison of 
tlie map in Figure 3 witli the nap from [1] makes it possible to see boti tlieir conmon 
features, for exanple, tie existence of two ''enclaves” to tlie south of tlie equator, 
and tiieir differences. In (1] , tlie autiiors note the liigh turbidity of tiie waters in 


tlio txack* wind currojit to thu soutii of bie hinduston Pcnit^ula aixi tno Island of 
Sri Lanka, classifying Uiem as tiie sairo tviK of watc. os tlie Arabiaii Sea. In tlie 
n«p of Figure 3 of tiiis wrk, on the contrary, the trade wind current does not 
differ in c^tical water indices frtm^ tlie eejuatorial oountor current and tlie nvain 
i\os3 of water in tlie central piirt of tlio ocean. Itiis discrepancy' is apijarently 
tixplainod by tiie use in tl^is work of an o|.>tical water intiex wliidi aiancjes more 
snxxDtJily . 

Vve will iMM ccmxire tlie data frtom computing EHz) according to Uie technique 
presented here, witli tlie results obtained in [11 witli tlie use of tJie Verlov water 
classification and the tiiblo for attenuation of solar radiation flux in waters of 
different type (21 given oy him. 'llx? convarison I'esults ate piesented in Table J /84 
for several ixxjions. Comparison of tne left aixl rignt halves of tlie table n^ike it 
possible v.n ixite tliat: 1) discrepancy in tlie estinates of tire F (z) level by two 
metlrods is in limits of the stipulated calculation errors, 2) a systeirratic diffei'- 
enco is obsei'vcxi in tire levels F(z), rising witlr deptlr, lUrd tlris wrk hirs obtained 
an avi'xage of somewhat lanjer values tlran in |1), J) enxrr in tire calculations accxrr- 
dint-i to tire teclurique of tlris work is sirrcrllcr tlrair in |1] , otrimrare columrs b and 9 
with b lurd 10 of Tirble 3. 

Tire autlrors are grateful to 0. V. Kopelevich for useful discussion of tire work 


tnrd remarks r.rade. 
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TABI£ 3. COMPARISON OF RESULTS OF EVALUATING THE I£VEL OP ANNUAL INFLUX OF SOIAR 
ENERGY AT DIFFERENT OEPT^iS 


Estimates According to [1] 


/? 


Trade wind 
current 
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Sea 


SIOC axis 




es According to tlie data of 




Error Error 
[1] iKcal. 
(rel.) 


V^ater E^(z) 

Type KCal. 

Index m an2 Vr. 
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20 12 13 0.36 

0 2,7 -29 0.9 

1*0 02 1.8 


Above 1 1 
sur. I 
10 
20 
50 

too 
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sur. 

10 

20 

69 

too 


2^ 28 O.M 

7 a o,h2 

I 14 
< 0.1 \ 

CiO 160 

,3|.-.33 0.07 

20 -22 0, N 

8-€,S 0,35 
0,» 0.7 


1.7 (Average 
e.5 for 
2,5 region; 


:'3 0.06 

8.6 0,|.'’| 

1.7 0.3 

0,04 0,6 


Standard 
Error Kcal 


O.Q 

90-4 0. ii 

4.6 0..1 
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RESULTS OF SIMULTANEOUS MEASURE^CNTS OF A NUMBER 
OF HYDHD-OPnCAL CHARACTERISTICS IN THE BALTIC SEA 
PELEVIN, V.N., SUD'BIN, A.I., MOZGOVOY, V.I. 

Simultaneous measuremofits of the spectral index of vertical attenuation a-H, 
ooeficient of diffuse reflection RX and brightness coefficient of the sea pX are 
made in the Baltic Sea. Analysis of the data permits the lypctliesis to be advanced 
that optical classificatJijon of the ocean waters of V. II. Pelevin and V. A. 
Rutkovskaya can apparently be applied to the case of very tui±)i<I waters of the Gulfs 
of Finland and Riga vdiere values of the optical water type index m readi a level of 
15 and 20 respectively. 


In the Baltic 1977 fli^t and sea e}^)edition, measurements were nede of the 
vettical attenuation index a-l-X , the diffuse reflection coefficient RX from a boat 
and the sea spectral bri^tness coefficient at the nadir pX from the helioc^ter KA-26. 
Measuranents "in situ" were made with the combined radiation receiver of A. S. 
Suslyayev [1]. It has interference filters with maximum transmission at waveleiigths: 
382 nm, 402 nm, 443 nm, 493 nm, 545 nm, 583 nm cuid 680 nm with transmdssion width 
for half altitude ~10 nm. The receiver was lowered from the cutter, and the average 
irradiance from above was determined at levels 0, 2, 5, 10, 20 m. The receiver 99 




was then turned over, emd the average values of Irradlance from below was 
determined at level 2m. At tne same time a ship«board photometer was used to 
control the external illumination vdiosc dianges were t^lken into consideration in 
tlio calculations. Ihe conuition cf the sea surface was defined inoividufilly. The 
coordinates of tlie measurement points and tlie diaracteristics of the external condi- 
tions are presented in Table 1. 


TABUS 1. CCX)RDINATES AND OONDITIQJS FOR OCNDUCTTING MEASUREMENTS 


Number of 
Series 

Date 

Time 

Coordinates 

Condition of 
Sea Surface 

Cloud Cover 

Renarks 

1 

4.10.77 

11:30 

i 

Southeast of 
Muhu Island, 
at die outlet 
into die Virt- 
su-vyayn Julf 

3 points 

Solid; sun 0 


2 

15.10.77 

12:00 

59®31'N 

24®43'E 

3 points 

9 points; some 
times sun 0 


3 

4 

15.10.77 

3.10.77 

i 

14;0U 

15:00 

d9®34'N 
24»35'E 
58°17'N 
23*37 'L 

3 points 

2 points 
wind-driven 
and swells 

9 points; seme 
times sun 0 

5-7 points, 
cumulus 

Z = 6m 

Drastic 
changes in 
illumination 
of surface 


The results of measuring ^ are presented in Figure 1. Hie measurement error 
is no nore than 15% in tiie short-wave spectral region, and no more than 10% in die 
long-wave, except for scries 4 in whidi drastic changes in external illumination 
during the measurements resulted in errors, sometimes exceeding 25%. Values of 
were not successfully obtained at ^ = 680 nm because of too few regions at great 
depths . 

Attentiai is drawn to the clearly pronounced stable maxiimm in the region 
' 400 nm. Our neasurements were made at discrete points corresponding to trans- 
mission of the interference filters. With neasurements witn a monodiromator, the 

maximum is possibly ionewhat shifted into the long-wave region of die spectrum (by 
100 








10 - 15 m) . Hie presence of this maxiiain indicates that in these waters the corre- 
lation between the concentration of chlorophyll and yellow substance is apparently 
such that absorption by chlorophyll together with its acocnpanying pigments (caro- 
tinoids) and theopl.ytins determines the course of the indicator x in this spectral 
region, and not the absorption by yellow substance. 



1 , . , f--,- - ■ - ■ . ■- 

VO 500 550 600 

nm 

Figure 1. Results of Measuring Spectral Indicator of 
Vertical Attenuation aiX at Stations Wliose 
Coordinates are Indicated in Table 1 (nunbers 
at curves correspond to numbers from table) 


The results of measuring the coefficient of diffuse reflection Rx vrtiich cor- /87 
respond . to series 2 from Table 1, are presented in Table 2. The miniitum is 
obs erved here in tiie region of absorption by chlorophyll with acccnpanying pigments. 

Measurement of tiie spectral brightness coefficient of the sea pA at tiie nadir 
was made frar tiie lielicopter flying at an altitude of 100 m with lew velocity above 
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TAB1£ 2. VALUES GF R ^ % 


3T. 

382 

40 ? 

1 

j 

1 493 

545 

1 583 

1 

^ . % 

0,5 


0,56 

1.25 

! 

1,0 

1.56 


the cutter. The technique of measuring is described in [2J . The observed 
brightness of the sea surface was used to oonpute tlie contribution created the 
Fresnel reflection of brightness of th'u sky by the surface of the sea. This quan- 
tity was classified as the brightness of a horizontal white scatterer illuminated 
by the same light as the surface of the sea. The obtained values of are given /88 
in Table 3. 

TABIU 3. VALUES (F , % 


X. 

nm 

! 360 

1 

383 

426 

15/ 

55M 

500 

p\ 

. % 

1 ^ ^ j 

0,70 

0,13 

1 

o.u 

0,63 

0,50 


COnparison of Tables 3 and 2 shows that tne spectral course of p in general 
features repeats tiie course of ra , but tlie value p ^ is lower on the average. Tne 
minijTum pAin the region of absorption by chlorophyll with acocnpanying pigments 
and pheophytins is more pronounced than the minimum R ^ which corresponds to the 
estimates given in [2] . 

Simultaneous measurements of , R;^and P;( in tlie same water are of great 
inportance and are very rare, therefore, despite the few data, we will ccrpare them 
with the materials and reoonmendations presented in [2 - 5] . 

A deep decrease in the values aiA in the i"vear ultraviolet with a< 400 nm 
observed in Figure 1 is in oorplete oorrespcndenoe with the pattern of spectral 
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courses of uix in tlie turbid waters given in the classification of ocean waters 
[3] (see the nenogram of Figure 3 from (3)) . The minimum value of aU is in the 
region 550 - 580 rm\. This also corresponds \:o the ncnDgram. In tills case, the 
water index m = 100 “^500 curves 2-4 (Gulf of Finland) is close to 15, while 

for curve 1 (northern shallow r \,ion of the Gulf of Riga) is even close to 20. Itiis 
is £ <v beyond the limits of m » 1.1 - 9.0 studied in tlie classification (3). 

Nevertheless, we will verify the possibility of evaluating the water type index 
m fron measurements in different spectral sections, as is reconmended in (4) , accor- 
ding to tlie formula: 

, , 1 ) 

where corresponds to tne wavelengtlis of the employed interference lignt filters, 
and the values a and b are given in (4) . Evaluation of tiie water type index for 
six values of X* for which measurenents of aix (382 • \. 583 nm) were made, yielded 
values in Table 4. 



1 Estimation of m for Curves « » x 

from Fig\ 

Wavelengtli ^ , from 

1 

1 - 

I 

1 1 

wtiich m was Estimated 



1 

L 

} 

382 

1 ; 

1! 

n 5 

13 5 

402 

‘:o 

10 

1 5 5 


443 

:o 

Ih 

In 

M 

493 





545 

21 

I* 

13.5 

15 

583 

19 


! '2 ’ 

17 


19 

15 5 ' 



Average m 

19.5 

M.O 

1 

13.6 j 

IG 

Variation ^ 

0.1 

0 10 1 

0 13 j 

on 


Evaluation of m was nade for a broad interval of \ Nevertlieless , we see tiiat 
the spread of obtained values is airall. If, according to the reoemmendations in [4], 
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VIC evaluate m for not exceeding the interval 432 540, then the standard devi- 

ation of values does not go beyond the limits i0% of the average m for all the 
series, even for tlx3 fourtli, viliich as noted above, was measured under poor hydro- 
meteorological conditions. Ihe difference between m for series 2 - 3 is stati«i- /89 
tically unreliable. Ihis corresponds to the measurement at not very distant stat- 
ions (see the coordinates in Table 1) . The diffeienoe between m and 100 a ^93 for 
all series is also smll and docs not exceed the measurement error a4X . Tlie latter 
circumstance indicates that evaluation of m can be made both for one measurement of 

with X 500 nm, and for a set of measurements in several spectral regions with 
the use of (1) . The fact that the estinates made witli the help of (1) for tlxe 
optical index of water type from experimental u 4 X were close to those for different 
382 • X-. 583 provides the r,s.'unds to hypothesize tlie classification 13, 4) can be 
applied to mo re tuirbid sea water tlxan those whidi were examined in [3, 4] , In order 
to verify this hypotliesis , it is required that additional experimental material be 
obtained on the spectral atx in turbid sea water. 

We will new pass to an analysis of tlie spectral course of R given in Table 1. 
Ihese R X values were measured in turbid waters whose index type we have estimated 
well. This index goes far beyond the limits of the range studied in [5] . It was 
therefore of great iirportemoe to compare the measured R with the data presented 
in [5] . We recall tliat in (5] a good correlation was found and illustrated between 
the values and the spectral courses of the coefficient R \ in ocean waters with value 
of tlie index m = 100 500 * 

Figure 2 presents in one scale a number of curves of Figure 2 from publics- 
tion [5] wlxich describe tne average course of Rj^fot samplings vAxich have an average 
value of m equal to 2.1, 3.3, 6.0 and 9.5, and tlie experimental curve Rx in the 
Baltic Sea referring to series 2 (m = 14) from Table 2. It is apparent that txie 


/^z 



Figure 2. Corparison of Spectral Course R Measured 
in the Sea with m = 14 with Spectral Courses 
R)^ with m - 2.1 - 9.0 (the latter taken from 
[5]). 


sijigle e>;perii.ental curve continues tJio trend traced in tlie series of average curves 
with a rise in tJie index n. In a similcir manner, Figure 3 gxves a number of average 
values of froti Figure 3 of publication [5] and the experimental curve for 
r.veasuranents fravi a iielicopter from lable 3. A general trena for diange in tne tyfje 
of curves witji ai'i increase in m is also traced. 


Inese c«ata inaicate the pnxnising natiure of expaixiing tiie area of Jiatural linxs /W 
founa in (5, 3] between different spectral cliaracteristics of tne lignt fielu in open 


ic:; 


and sea waters. 
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Figure 3. Cort^jarison of Measured Si^ectral Values with 
m = x4 (Gulf of Finlana) witii Spectral Courses 
pA wibi m = 1.2 - 3.3 taken from [5] . 
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HX31NIQUE AND RESULTS OF MEASURING SPECTRAL ABSORPTION OF LIOfT BY 

DISSQL^^ED ORGANIC "YELLOW" SUBSTANCE IN WAIERS OF THE BALTIC SEA 

PELEVINA, M. A. 

A technique is presented for nec^urlng the spectral absorption of ll^t by 
yellow substance vdilch was used In the Baltic sijnner sea expeditions of thie Inst- 
itute of Oceanography of the USSR Acadeny of Sciences. Results are given fron 
neasurlng the exponent of spectral relationship of absorption by yellow substance 
In the w'aters of the Gulfs of Py 2 unnu and Riga cind the mouths of the Pyamu and 
Daugava Rivers. 

It Is known that products or organic substance breakdown dissolved In sea 
water Intensively absorb short-wave rjd.latlcMi and with hlg!» concentratlcxis stain 
the water a yellow color, from which they have obtained the name "yellcw substance". 
Study [1] gives data unsubstantiated by experiment that the dependence of light 
absorption by the yellow substance on wavelength Is e)qx>nentlal . 


Uils ocnponent of sea water vhlch strongly absorbs light must Influence the 
spectral brl^tness coefficient of the sea In the blue and UV spectral. 


The Baltic sunroer expeditions of 1975-1977 using long-range methods of anal- 
yzing optical properties of sea water from a low-flying aircraft measured the 

spectral light absorption by yellcw substance x In water samples taken from 

y • s • 

the sea. 


The technique was developed to measure tl"»e concentration of yellow substance 
in relative optical units and the spectral index of light absorption by the yellow 

sviDstanoe x was measured. The technique Is os follows: 

y.s. 

The sea water taken from the helicopter was filtered through SYNPOR membrane 
filters with: pore diameter 0.6-0. 7 jan. The suspension extracted from the water 
was cuialyzed for the quantity of chlorophyll and carotlnoids, and was also 
used to evaluate the total concentration of suspended substance. 10 ml of sea 
water purified of suspension (filtrate) was used to measure the x . 

Initially, the optical density of the filtrate was increased by evaporating 
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it several times in a vacuum in a rotary evaporator at tamp<*iature not exceeding 
40®C. After tl\e specific optical density of tlie filtrate was increased k-fola, 
tile latter could be recorded on a SPECOt^ spectroplvotometer not only in tne UV- 
range, but also in tixs visible spectral range. Tne remaining bidistillate was in 
a oon|iarison vessel. 

In oraer to use tnis technique, it was first of all necessary to establisli 
tlie naxiiTiun. penidssible quantity of k = Vf/V^g, wnere Vf — initial volcno of filtrate, 
Vae — volune remaining after evaporation. V»itii a definite degree of evaporation, tiie 
sediment is precipitateu out, tlie intensity of condensation of yellow substance on 
tile walls of tlie test tubes or at tlie centers of condensation witiiii. tiie sample 
increases, etc. As a result, serious errors oevelop in tne measuree quantity 

Ijcperiments were done witli filtrates of twD samples, taken from tiie moutii of 
tlie iVaniu River which contains a record quantity of yellow substcuice (there are miany 
^leat bogs and swamps in tJie vicinity of tlie river) , and one taken in tlie open section 
of tne Gulf. Tne same quiintities of filtrates of one sample were evaporated to a 
varying degree. Tne attained solutions were measured by tiie SPI3C0RD. It was found 
tliat initially tlie optical density of tne solutions wit.i \ = 360 nm increases strictly 
proportionally to tne uegrxic of evaporation k; k. In tiiis case one should 

stress tliat tne spectral curves for samples witli different k remained similar to 
cacli otiier. ijowever, starting witli tlie value k 7 - b for tlie sea sample, tne depend- 
ence of 0300 (k) smiootnly deviates fr> 3 mi tne strciight line, cind tne proportionality of 
tiiesc quantities was aisru^iteu. For tlie river sample, tliis deviation was ebservea 
starting witli k = 4. From here follows tne conclusion tliat wnen tiie technique of 
evaporating tlie sairple in order to increase its optical density is used, one snould 
be restricted to tlie degree of evaporation k = 8 for sea water of tnis water area 
and k = 4 for tiie river water. Practice lias shewn tliat eviration this number of 
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tijnes is sufficient to record the optical density Dp^of solutions in the visible 
spectral region ana subsequent calculation of tl^e index of absorption of yellow 
substanoen y in the sea. 

V ’3 will new pass to a presentation of tne results , An exanple of recording D ^ 
of yellow substance is presented in Figure 1. It is apparent frrar. tlie figure that 
the spectral courses of of yellcw substance in different sanples are practically /y4 
the same. Ihis was confirmed for the entire water area of tae Gulf of Riga and the 
Pyamu Gulf, as well as in tne sanples taken at the moutlis of the rivers Pyamu ana 
Daugava. 


t 





Figure 1. Lxanples of Recordings on SPECORD of Absorption 
Spectra of Yellcw Substance (filtrates of sea 
water evaporated 4-8 times) . 

Exanples of recording tlie absorption spectra of the eve^ratea filtrates in a 
oroader spectral range are presented in Figure 2. 
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Figuix' 2 . Lxamijles of Recording Absorption Spectra of 
Lvaporated Filtrates of Sea Water in Broader 
Spectral Region (1 - 4-fold samples) . 


Figure 3 preseants curves of light absorption by pigments of pliytoplankton in 
acetone extract obtained from tlie sano water soiaples for conparison. 



Figure 3. Absorption Curves of Phytoplankton igments 
Extracted from the same Sanples of Sea U’ater 






In order to clarify die law governing tlie dvinge in *^y.g, according to tlve 
spectrum, die grapiis obtained on srBOORD are presented in die fona of dependences 
of Ig *‘y,g, on ^ , and die X- axis is constructed in a linear scale as is slK3wn in 
Figure 4. Hie points on die figure correspond to die carefully transferred values 
of >«y.s. from continuous realizations of die type presented in Figure 1. 



Figure 4. Spectral Dependence of Light Absorption by Evapor- 
ated Filtrates of Sea Water (in relative units) for 
Different Sanples (key on next page] 
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Figure 4. (continued) 

Key: 

1. noutl'. of Pyarnu River /96 

2-4. Gulf of Pyamu 
5. open water area of tlie Gulf of 
Riga 

In the interval X . 300nmthe course of tite curves is determined by light absorption by 
yellow substance ^y.s.* Deviation of the curves tram the linear relaticnship in the 
region of large X^i.e., with snail D) is explained )jy tlie influence of insufficiently 
completely filtered fine suspended natter in tne filtrate. 

A strict linear dependence on lg*y.s. o*’* ^ is visible in Figure 4, i.e., the expo- 
i>ential dependence of *y.s. on ^ with X -»300 ru*n. Hiis confirms the data of publica- 
tion [11 . Only in tlie long wavelengtli section of tire spectrum with very small values 
of *y.s. \ does tlie exporiirental curve divert from tlie exponent. In order to clarify 
tire reason for this deviation, measurements were made of the filtrates obtained tlrrough 
filters witli different pore dianiters, all tire way to size 0.2 w. It was found tirat 
tire snaller tire pore size of the filter, tlu 2 larger tire values of X, i.e., snaller 
levels of Hy (X) at wlriar a deviation in the experimental dependence of ’^y.s. (X) 
on tire exponent is observed. Hris is proof that deviation from tiie exponent is caused 
by scattering ana absorption of tiie beam of the spectral plrotometer on particles of 
suspended irotter wlriclr remain in tire sample cifter filtering. There are no grounds 
to Irypotlresize dependence ’^y,s.(M directly differs from tire exponential in the 
long wavelengtli region of tire spectrum of visible radiation. Hie value of tire indj.- 
cator a depending on . g . " 10"® * according to our measurements X • 360 nm in tire 
waters of tire Gulfs of Riga and Pyanru equals u = 7.2 - B.l im"^. This quantity some- 
what exceeds tire quantity a = 6.5 v‘m"^ whidr was oonputed according to the data pre- 
sented in [1] “for waters of tire Baltic Sea." 

Vfe will now pass to the question of relative distribution of the concentration 
of yellow substance in sairples taken at different points of tire studied water area. 

Since tire spectral courses ’‘y.s.(X) for all samples are close to eacii otlrer, tire 

X t 


relative oontent of yellcM substance can be estimated from the value ’*y.g. with 
any selected wavelength It is convenient to select A* in the snort wavelengtn 
specttxin, close to A = 360 rm, in light of the large values of ’y.g,.' consequently, 
the smaller errors in this area. In tliis region the salts contained in the sea water 
do not yet absorb light. 

On tlie otlier hand, a shorter wavelength light filter during plwto metering of / 97 
tJxj sea from a helicopter liad = 369 nm. Tlierefore we selected tlie values ^y.s.369 
m"^ in tlie sea for comparative estimates of tliexy^g. oontent over tlie water area. 

Ihe values of *‘y.s.369 ^^cm 0,4 to 1.5 m"l were adopted for tne water area of 
the Gulfs of Riga aixi I?yamu (witli deciiral base) , while in tlie mouths of tJie Daugava 
and l^arnu Rivers they readied values of 3.6 -• 6 m"^. Geographical distribution of 
this qucintity over the indicated basin can be seen in publication [2] , wliich oonpares 
Xy s.369 witli the spectral features of the outgoing radiation. 

Ihe author is grateful to D. Yankovskiy, M. I. Vortman, V. I. Mozgoviy and A. I. 
Sud'bin for help in conducting tlie experiment. 
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II. STUDY OF STATIONARY AND NONSTATIONARY LIGHT FIELDS CREATED IN TOE SEA / 

BY ARTIFICIAL SOURCES 

SOLUTION OF THE INTEGRAL TRANSPORT EQUATION AS APPLIED TO LIOiT FIEU3S 

IN WATER ICDIA CREATED BY ARTIFICIAL SOURCES 

V. I. SAVENKDV, G. A. ^CL’NIKDV 

An integral transport equation is derived for the case of a point oolliinated 
nonochxoinatic light source and its solution is given. A solution is suggested 
for this equation as applied to aquatic nedia for the case of a point isotropic 
nonochronatic li^it source. The calculated and experimental results are ocmpared. 

Recently, because of great demand, the theory of stationary radiation fields 
(light fields) of artificial light sources in water has been intensively developed. 
Studies of the formation of these fields are not only of great scientific ijirort- 
ance, but are also necessary to solve iiiportant practical problems associated: 
witl’, underwater illumination; visibility underwater with artificial illimination; 
un'ierwater photography, movies cind television, light location, navigation and 
ocmmunications, etc. 

Tb construct effective and economically advantageous light engineering units, 
it is necessary to develop engineering methods for cxmputing artificial li^t 
fields from sources submerged in water with randan light distribution. 

It is noted in [1] that to solve this problem it is most optimal to study the 
AEF (artificial light field) structure created by sources with sinple light dis- 
tribution, i.e., such as localized: oollinated, isotropic and Lambertian. Based 

on data obtained, using the principle of elant'ntary solution superposition and 
using the detected chcuracteristics of the ALF as Green functions in the Stieltjes 
convolution (method of Green functions) , one can conpute analogous parameters of 
the ALF created by sources with oonplicated curves of the light force. 

Theoretical studies of laws on radiation propogation and formation of the 
ALF in water media were mde by solving the equation (integrodifferential) 

transport of radiant energy with corresponding boundary conditions. 
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There is currently no conplete solution to the transport equation as applied 
to aquatic modia^ madia witli the presence of true absorption and strongly aniso- 
tropic scattering of radiation. This is associated with the fact that its analyt- 
ical solution is possible citlier for the simplest idealized situation (flat symnetry, 
Isotropic scattering, absence of absorption, shqple boundary conditions) , or for 
rai>ges of change in arguments in vdd.di separation of the variables is possible (asymp- 
totic solutions) [2i . At tlie same time, the solutions obtained even witii very sig- 
nificant simplified hypotheses, are insufficiently accurate, cumbersome and far frem 
an apiJearance suitable for engineering hydrological, light and tedinical calculations. 
In aadition, tiie classic form of the transport equation in the most general form does 
not tc’’ into consideration tlie possible presence in the medium of a radiation re- 
ceiver . 


Hie purpose of this article was to supplement tlie information available in the 
theoretical hydro-optics concerning the ALF in aquatic media. It derives a linear 
integral transport equation of radieint energy which is general for localized sources 
of optical radiation in the example of a localized collimated light source (<5 -source) . 
It suggests a particular solution for tire case of localized isotropic monodiromatic 
light source suitable for engineering calculations as applied to aquatic nedia. 


1. INITCRAL TRANSPORT BQUATICN CF RADIANT ENERGY 
(CASE OF DOCALIZED COLLIMATED LIGhT SOURCE) 


Vfe will introduce tlie Cartesian system of coordinates XYZ witli center at point 
of location of the <5 -source, and with orientation of the unit vector z in direction 
of tlie source radiation. Vve will write the classic transport equation of radiant 
energy for tlie case of homogeneous turbid medium (Figure 1) ; 


(ii. "rnd L (r. In)) p I (r; /„) == - ' X (y) L (r; V) d i>» (/o') . 

1 .T («4J 


( 1 ) 

ii'; 




Figure 1. Plan of Nunerical Experiment to Derive Integral 

Equation for Transport of Radiant Energy in Coti%xi- 
tation of Brightness of Primary Scattering 

► > > > 

where L(r; 1 q) and L(r; 1 q') — brightness of elementary volume of medium in environs / lOO 
of point r = r^x, y, z) in directions of single vectors 1 q(“; ^ and 1^ ' 4 ; 0,)f , A and 
x(Y) — respectively the indicator of attenuation, alb.eio of single scattering and scat- 
tering indicatrix of medium which takes into consideration the molecular scattering 
and tlie scattering on the suspension (particles) , and is normed by the condition 

I 

0.5 (r(Y)dcosY- where Y — angle of scattering wliich is determined frcm the main corre- 
lation of spherical trigoncmetry cos y * cos o cos (p + sin a sin , c s (p -- d) ; d m (/o') — 
element of solid angle witli optical axis 1 q'. 

The boundary conditions placed on (1, are tlie following; 

L (r; /o)/r-»» —“*0 (2) 

/. (r. W'r.u — L, - ^ 6(x) 6 ( 1 /) 6 [1 -(Z,/o)l . 

where and L^-- light flux and brightness of 6 -source. The condition for norming 
L ^ is tiie identity 

1 ^ (d (It, dA ) ■■ I 
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wlwre (d 4 dA) --scalar product of vectors of elements of the eurea and the solid angle 
of source radlatlc»n, equal to 

(</ III, rf .4 ) ■■ 2 a (z, io) d (*, In) dx dy 

> > > ► 

( 2 , Iq)— scalar product of single vectors 2 and 1^; 5 (n) — symbolic delta-function of 

Dirac of the corresponding argvnvent N. 


Hie adopted boundary conditions (2) correspond to the following physical problem: 
the localized collimated ligiit source is located in the center of a sphere of infi- 
nite radius filled with a medium which anisotropically scatters and absorbs radiation . 
It is necessary to conpute the light field of the soui a, i.e., to determine tlie 
spatial-angular distribution of brightness of the radiation of the 6 -source scattered 
in the medium mass, and tliis is equivalent to solution of (1) on the condition of (2) . 


The integral is tne most convenient for mathematical operation of the analytical 
form of (1) in tlie case of (2) . It can be obtained as follows: we multiply eacli 

term in (1) by the quantity exp(t 1) , and as a result of subsequent transforms we / lOl 
obtain 


u_ 

ill 


[exp (.-/) L (r;/o)J 


A r 


K I 


' <v) ('■; /(/) exp (rl) du) (In'). 


(3) 


By integrating (3) for the variable 1 in limits of the distance between points T(r) 
•> 

and P(R) (Figure 1) , tlie last poir/ fixes the position in the mediun of the "radi- 
ation receiver," i.e., tiie calculated point of tne light field (for sii^plification 
of tlie sumnary expressions we will assvmie at point P(R) value 1 = 0, and as the 
positive direction of the vector 1 q — direction to the radiation receiver. Tlius, 
integration is done frem zero to Ij^in' which adopts tlie values 


/ 


min’ 


-00, 

-w. 


if 


/ R n-r'/n 

Z — Rn — l() 
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As a result uf Lioso coti^utations, by niaking a roplacomont in this case of 
tl;e variable of integration according to tJie formula 1 ■ -1 * (we will eliminate 
tl^e iiatching in ti)c subsequent writings ) , we tuive 


i (R'. io) 


-Jl- f oxp ( If 0 I A- ( v) /. (» : to) </ «» (/o') dl , 

^0 (II 

if Z^i-Ro^to 
/., exp ( ■¥ R) 4- 

+ I’ exp (~r () I X (V) L (r; /«') f/..i (/o') dl . 
if Z^‘^ Ra’xin 


( 4 ) 


laking into consideration the nature of radiaticxi of tne i^source, ana spec- 
ifically tlae ec]uation of brightness of tiie 5 -source, and )oy analyzing the system of 
equations (4) one can write a unified equation whicli will represent tlie linear inte- 
grated transport equation of radiant energy tor the case of tnefi -source as applied 
to homogeneous turbid meaia 

, i (/?;/o) « /..exp (— r A/) 

^ OO ^ 

4- I exp (-e /) f X (y) L {r, W) </<o (k‘) dl. 

' i. hr I 


V\e wil'' write equation (5) in cin operational form 

i = /Lrt' + X K /-'. 
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( 6 ) 


where L ■=- L (/?; L — X.cap ( f R)\ >. --parameter of operational equation equal 
to ' - < 'f'/ J i), K i' — linecir integrateo operator 

(7) 

K // = i' exp ( p /) ( X (y) L (r; /o') d i«» (/o ) dl. 

II 


In (7) we will replace the variable of integration 1, using the law of sines 
for a triangle (Figure 1) , accxirding to formula 


11 ? 


rj I 

^if ^ (f || 

Sin^ H 


and as a result we obtain 


C , , 

(y) /. (r.lr'\ al') .i'i- 
Sm- 1 | 

I'l 

It should be noted tiiat equations of type (6) are suboroinate to tha principle 
of superposition. Ihe pliysical realization of this principle in practice is tne 
follcv^inq: if \^/e have a set of <^sources distributed and oriented as we axx>so in 

tlie volune of tiie turbid nediurr., and for eaai of iuxm wo can write a sinvLlar expres- 

' \ 

sion /.- / -4 A A'/, and also if it is known tiiat then evioently 

tne general operational equation for oonputing the radiation brightness for a fixed 
direction at the calculated point of light field <^reated by a set of sources will 
be Li + 'f' ^ ■ 


K 1/ am ff Sill U I eXp -t A? — 'il 

.) I sin I| 


As is known, solution to the operational equation of type (6) is a Neumann series 
(3, Consequently, solution to tlie integrated transport equation (5) in tills Ccise 
will look like 

1 = 1a"A"/. (9) 

where the operator K*^L is described by the formula 


A"b 


R Sin u (■ f 
. ( i 


■"Ma (y l 

Sin’ t| 



i' (V,) , 


dM (/o') J 1)1 


.</ ID (/o') di\. . 


We note that i:liis solution is applicable based on the principle of superposition / 103 
of elementary solutions, as applied to ligat fielos created by sources with random 
light distribution, since any light source can be presented in tlie form of a set of 
6 -sources. Consequeait Ly , they have the most general nature, like (5) . 


As is apparent from (9) , solution to ti»e transport oiuation (a) is in the 
fom of an infinite aeries by ordois of tiie albedo of a single scattering of radi- 
ation in the nediin’i A. In this ceise eacii tern in the scries, starting froa. tlie 
first, fran a pnysical viewpoint is tue radia*-ion brightness of the oorrosponaing 
multiplicity of scattering (tlie multiplicity or scattering oorresponus to the ord- 
inal nuriber of tJie term in tJie series) . Hiese quantities are conventionally callea 
brightness of bie n-Ui (n ■ 1, 2,.,,) scattering (4], Hie zero term in tiie series 
is t)>e brightness of direct raoiation of tue source attenuated by the medium accor- 
ding to tlio bouguer-ljanibert liM [5] . 

2. SOLUTION OF THE INTEGRATED TRANSPORT’ ECUATION OF 
RADIANT ENERGY AS APPLIED TO AQUATIC MEDIA 
(CASE OF POIMT ISOTROPIC MONOCHROMATIC LIGHT SOURCE) 

He will use the general solution (9) to tne integrated transport equation (5) . 
In order to obtain a solution which is suitable for engineering calculations, it is 
necessary to compute tlae sun of tJie Neumann series for a specific source of optical 
radiation, in particular for tiie Ccise of a point isotropic monoduxxiatic lignt 
source (PIMI5) . 

Hie brightness of PEALS of a single lignt force is describea oy tne formulas 

(lu) 

; _ ft (g ) 

“ “ " 2 .1 A” SiiuT /V.- ,/ (/J 

► 

where dn and d w (1 q) — respectively tiie elements of linear and solid angles in tne 
direction of radiation reception; R— distance between the source and the receiver 
of radiation. 

The quantity can be obtained b^^ integrating L for the ocmplete solid angle 
(tliis determines the luninosity of tiie PIMIS) , and after dividing the obtained 

result by 4n. 

IPO 


(Me will successively conpute, starting fran the first, the terms in tne series 
(9) . Hieir calculation is dove Ly iteration n>etliod, whicli in tiie examinee problem 
is reauoed to tiie £oll(X\^ing: the brightness of direct radiation attenuated tiie 

nedium according to tiie Bouguer-Lambert law is substituted into the integrateo oper-- / lu^ 
ator (b) , and then tile inJiomogeneous operational equation of the following type is 
solved 

io-f I i K Ln 0 

( 11 ) 


where im, = in+i (/?;/o); in' = in in relation to the quantity of brightness 

of the primary scattering Li(R; ,1q) . Ihe solution cditained in this case (first iter- 
ation) is again substituted into (8) , and the mathematical procedure described alxjve 
is again repeated. Tlius, the brigntness of tlie secondary scattering was determined 
L2(R; Iq)/ and so forth. We note that L]^(R, 1q) is oonputed precisely, wnile tlie 
brightnesses of the subsequent, starting with the secondary, scatterings are ^prox- 
imate with regard for tlie nature of radiation scattering in turbid neoia. 


As a result, the unknown radiat.ion brightness at tlie calculatea point of tlie 
light field of the P.IMLS is in tlie form of a sira of the found iterations 

. s - • (l; 

L (R\lo) = (/?;/«) 

wiiere Ln(R; Iq) “brightness of tlie n ary scattering. 


According to (11) and (8) , Li(R; 1 q) in the integrated form will look as follows 

(13) 


LiiRJu) 


- Si'i U 

4.n 1 ' 


1 ^) S'ji (i) (/) 

Sii I) 
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V 


^ .V (yl /.,(/■: /n'l (i u) (/„') 

I 

» 


,/ 1 , 

•S ii’ n 


we will expand the value Lo(r; 3^') which is includea in the suointegral equa^ 
tion (13) , ty taking into consiaeration (10) and the bouguer-Lambert law. In tiiis 
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1 


cose, Uie current variable r is replaced tiirougn parameter R anu tne variable of 
integration n, by using tlve law cf sines for a triangle (Figure 1) . Ihus 


U{r, //) 


1 

«•' Sin’ n 


i/ «'i (/ii ) 


xp 


fR 


Sni II 
Sin I) 


(14) 


We will substitute (14) into (13) . As a result of subsequent integration, we /lO^ 
obtain tlie calculated equation of briglitness of tlie primary scattering 


/ ,|W 




A !• 0\(l ( I 
1 .1 R Sill II 


(15) 



»• R Sill II ( / " 

' 2 




1 


.V (l|) l/l|. 


Solution (11) in relation to L2(R, Iq) , by using (15) is nade approximately, taking 
into consideration tlio feature of scattering of radiation in the mass of turbid media 


wivLai is diaractciistic for tlie majority of turbid (in particular aquatic) media. 


Practically tne entire scattered lignt flux (over 90%) is concentratea in the region 


of small angles (from 0 to 20°) in relation to tlie initial direction of spread of 
tlie radiation (tliis physical fact graphically illustrates tlie pencil' beam appeareince 
of tlie scattering indicatrix) . Tnus, in solving (1) we assume tlie rightfulness of 
tlie following ecjuality (Figure 2) . 


\ _L!iL I'exp I- p (/i(ni) +''i(ni))] (»ii) (V) 

' Sill If 
(* ) » 

« X (n) exp ( -er (n)) \ | x (ip) i/ ip </ o (/V) 


(16) 


Thus, as a result of tlie approximate confutations, we obtain the calculated /iQ6 
brightness equation of secondary scattering 




I*/,,/? 

\ 1 R Sm (I 1 \ Sill ti • 


(17) 


-p R Sin II X 


X ifi 


j|x (!]) l/l,. 
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wiiere o — scattering inc4ex of radiation in the medium. 




Figure 2. Plan of Nunerical Experinvent to Ccmpute Brightness 
of Secondary Scattering 


After revealing the law governing the result obtaijied in solution of (11) witJi 
regard for (16) : tlie calculated expressions of brightnesses of the n-ary scattering, 

starting witli tiie secondary and higher, differ from tlie analogous for brightness of 
the primary scattering only by tlie coefficients (conventionally called weignt coeffic- 
ients c'f the n-ary scattering 16]), included in Uie subintegral expression of tiie 
sunmary notations, we will write the calculated brigntness equation of tiie n-ary 
scattering (n-tJi iteration) ; 


I u(R Jo) 


A y cxi> _<_i£L \ 0„{r) X 
» n R Sii' « J 


X C\p 


(• R Sin a i 
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jc (n) t/ 1], 


(18) 


/' S ti a i"- ' 



O (/•) _ 

Where * •• weight coefficient of the n-arv scattering which shows 

from a physical viewpoint vrtiich weight the brightness of tlie corresponding multiplicity 
of scattering iias as coitpared to the brightness of the primary scattering with sunmary 
action of multiple scattering governing the formation of brightness inveilinp, haze [6]. 
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As previously indicated, the unknown radiation brightness at tne calculated 
point of tlie light field of tlie HMIfi is ccr|5Uted according to the formula (1^) . 

As a result of suntning tlie brightnesses of tlie n-ary without consideration for tlie 
brightness of direct radiation of tlie source, we obtain the calculated brightness 
equation of the veiling liaze wliich develops because of multiple scattering in the 
mass of the radiation mediun of PEMLS: 


|l (/<' 


\ I f\p ( t /^' I 

i .1 Sui II 



F /f Sin (I 



2 / 


V I l| I (/ l|. 


(19) 


/! (r) t \p I 

wherci ^ Smi|/ — i^waight function of multiple scattering wliich froti a 

physical viewpoint determines tlie weight contribution of tlie total effect of mult- /107 
iple scattering of tlie source radiation as ccmpared to single scattering in tlie 
forma tion of tlie veiling liaze [6] . 


Finally, tlie solution to tlie integral transport equation (5) for tne case of 
as applied to homogeneous turbid (including aquatic) media whicli is suitable 
for engineering calculation of spatial-angular distribution of radiatiai brightness 
in a medium, looks like 
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(20) 


F WSinul r- J-) V (,,) 


In making the nydrological- light- tedinical calculations of brightness of tlie 
veiling, haze whicli is governed by multiple scattering in the aquatic medium of PIMI£ 
radiation, it is suggested tliat tie following formula be used 


(/?; /o) C\p ( ‘ x/?). 

12 n R Sm a 


12 ^ 


( 21 ) 


^ •••radiation absoiption index in a msdium which was obtained as ? result 
of integrating (19) using an enpirical equation for the form of tlie scattering 
indicatrix of tne corresponding measurement plan in [7] 

4; (Y) = ^ exp (-ityos) ( 22 ) 

wnere k— -steepness of tlie scattering indicatrix (/• *= r> --- 15 In “'’ ')• 

rad 


We note in conclusion that tlie calculation results of the spatial-angular distri' 
bution of radiation brightness in the HMII£ light field acoo’ ling to tne formulas 
(19) and (21) agree well with tlxe data of full-scale measurements in the Black Sea 
presented in [8], at the interval of scattering angles from 0,5 to 20® with distances 
fran tiie source to 115 m. It is oonmDn knowledge that tlie sliape of tne briglitness 
body of scattered radiation in this range of angles is governed by the nechanism of 
radiation scattering on large suspended matter, to which the pencil-beam part of the 
reed r(Y) (Mie effect) correspond. In order to describe the shape of the brigntness 
body in the region of medium and large scattering angles governed by the mechanisms 
of molecular scattering of radiation and on small suspended matter, the followiiig 
formula is suggested 


L {R,lo) = 


A y .V ( |i80°) ex p ( — x H ) 
t .1 R Sin n 



— H R Sin a X 



3 

2 



d., 


(23) 


obtained based on the results of tliis publication and [9] , as well as on the assunp- 
tion tnat the scattering indicatrix of these regions is sj^erical, and equal in size 
to the value of tiie real x(y) at IbO® angle, In the examined example, formula (23) 
is real in the interv^al of scattering angles fron 50 to 170®, In tlie intermediate 
interval of angles, i.e. from 20 to 50®, the shape of the brigntness body of scat- 
tered radiation is oonputed jointly from formulas (21) and (23) . 
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TABI£ 1. BRIGHTNESS BODY AT RANDOM POINT OF LIGHT FTKTr> (S’ POINT ISOTROPIC MONOCHPCMATIC T.TrJtT 


ORIQINAL PAOi IS 
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The results of cor.vutations described above are presented in tlie table (Table 1) 


and conpared witli simlar measured quantities [9] . As is apparent ftan Table 1, 

► 

discrepancy in tlie numerical values of L(R> 1^) corresponds to 6% variaticai in the 
quantity of albado of single scattering A. This does not exc 3 tlie errors of its 
measurement. 
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Liarr vector from point isotropic monochromatic 

LIGHT SOURCE IN A TURBID MEDIUM /IIP 

M. M. GUTOROV and G. A. I^'NIFOV 


A calculated equation of normal Irradianoe from a PIMLS is derived by solving 
the integral transport equation for a point isotropic monochromatic li^t source 
(PIMLS) as applied to turbid media when there is true absorption emd very anlso> 
tropic scattering of radiation. A comparison is made of calculated quantities 
with data of full-scale measurements made researchers in different parts of 
the World Ocean. 

Publications of Soviet and foreign authors v^ch cover experimental and theor- 
etical studies of the formation of artificial li^t fields (ALP) in tuid>id (in 
particular, aquatic) media have appeared more often in recent years. The ALF of 
spot isotrcpic raonochronatic light source (PIMLS) is currentJ.y the most well- 
studied experimentally, researchers have nade full-scale measurements of 

integral characteristics (normal and spatial illuninations and light vector) of 
the ALF PIMI£ in different parts of the World Ocean [1,2]. 

This work has attenpted to obtain an equation of the light vector from the 
PIMLS located in a turbid medium vihich is suitable for engineering calculations. 

We will use the solution obtained in [3] for the integral equation of radiant 
energy transport for PIMLS as applied to turbid media, media with true absorption 
and strongly anisotropic radiation scattering 

•/ (r) exp X 

( 1 ) 

x| - y R ^ yJl X (I)) (1 1| 

where L(R; t^) — radiation brightness at the calculated point of the ALF R(x,y,z) 
in fixed direction of single vector i^(a;B); 

I — light force of PIMLS; 

e, 0 and x(n) — indices of attenuatior and scattering and scattering index of 
radiation respectively; 
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> ^ R* Sin u 
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6(u) — synobolic del ta> function of a angle d^acterlzing the direction of reception 
of radiation at tne calculated point AIT R in relation to uirection of direct radi- 
ation of PIMLS; 

> 

II (r) —weight function of multiple scattering, equal to [4] n (r) *»exp(ar) / 111 

Vte note tliat tlie first term in tlie right part of (1) takes into oonsioeration 
attenuation of brightness of direct radiation of the PIMI£ because of processes of 
absorption and scattering of tlie latter in tiie mediim mass (Bouguer-Lambert law) . 

The second describes tlie brightness of the veiling ha 2 e vdiicli is governed by the 
total action of multiple scattering of radiation PIMI£ in the mediimi. 


It is coimon knowledge tliat the nain function of the point in the light field 
■ tlie light vector whicli determines the direction of transport of radiant energy 
and has the property that its j^rojection in any direction is numerically equal to 
tne cdfference of normal illumination of tlie two sides of eui elementary area dA in 
tile environs of tlie calculated point of the field whiai is placed pexpenaicularly 
to this direction. Hie calculated formula of the light vector in a general case is 


[5] 


^ {R) — R(i I L ( Ro\ lo) {Ro’’ Iq) d 0) (/o). 


( 2 ) 


w.iere (i^; Iq) — scalar product of single vectors, in this case equal to (Figure 1) 
(Rq; 1q)= cos 


v;e substitute in (2) the value L(R; 1^) from (1), and ly making the corresponding 

integration, we obtain tne calculated equation r (R) as c^plied to turbid media. As 

a result of computations witli tlie first term in (1) , we determine the calculated 

formula for the conponent f pr(R) / governed by direct radiation of tlie PBttfi 

• • / ♦ (3) 

e exp (-F R) /?„. 
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Ly integrating tie seoona term in (1) we aave tiie following 
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( 4 ) 


rm I’j* X (||) n (f) exp (- e (/ (n) 

It t 

• ^ (n))M n cos ado. 


In order to sinplify tlie subsequent oonputations , vte will use the assunption; 
taking into consiciaration tl^ strongly anisotrcpic scattering of radiation wliicli is 
aiaracturistic for tiie majority of tuxbia nedia (pencil-beam scattering inoicatrix 
corresponds to tius piumcmenon) ^ we assuns tiiat the ma.in oontribution to iliunii- /112 
nation dA is made bie radiation scattered at snail angles (from 0 to 20®) in 
relation to tl\o direction of tiie perpendicular to dA in the environs of tiie calcu- 
iatsu point of t)ie AIT PIMLS P (R) . It coincides witli the direction of direct radi- 
ation of the source (Figure 1) . Consequently, in tlie calculations one can assume 
tile equality 1 + r « R, and tJius, one can factor out beyond tiie integral sign in 
(4) the exponent idiich describes the Bouguer-Lamtert law. 


We will present the weight function H (r) in (4) in the form of a sum obtained 
when it is expanded into a Maclaurin series. In tliis case, the variable r which 
depends on tlie integration variable n, is expressed tluough the parameter R, by 
using the law of sines for a triangle Figure 1) . 
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V.e substitute (d) into (4) and taking into consideration tlie assunption which 
has been made, we obtain 


„(W) = 


( 


/?)V 


*('« -f 1)' 


R. 


By using the inverse presentation of tne obtained sum in tlie form of an ejqx?- 

> 

nent witii positive degree, we determine tlie calculated fonr,ula of tlie oonponent fp(R) 
which is governed ty luminescence of the mass of the turbid medium which develops 


( 6 ) 


because of nultiple scattering of the PIMLS radiation in it 

,^7 ^ ’ ” *1 

Finally, ti>e calculated equation of the lignt vector from PIMLS in tne mass of 

the turbid medium cidopts tlie ^pearance 

/ • (7) 

, (R) tr- c.\p ( X R) Ro, 

vrtiere x— indicator of absorption of radiation in the medium. 

As is appcuront from formula (7) , it does not take into consideration tne influ- 
ence on I (R) of tlie diange in the shape of tiie brigntness body of scattered radiation 

PIMLS witli a rise in tiie distance from the source, i.e., formula (7) does not tciJce 

>■ 

into consideration tlie average cosine of tlie brightness body ii (R) . Hie degree of 

functional dependence of i v^Rf on u(R) can be establislied, for example, in oorputing 
► > 

the conponent ' p(R) according to formula (4) witliout any assunptions using a computer. 

Conparison of tlie values calculated accoraing to (7) of tlie light vector frcxu 

the PIMIS with tne results of natural neasurements of it in different water areas of 

the World Osean presented in [2] itade it possible to reveal a good correspondence of 

tlie conparable quantities. Discrepancy in the calculated cind experimental numerical 

values ( (R) oorresponos to less t*ian 10% of tlie variations in x for optical oistances 

according to absorption in oifferent waters »*= (x/?i 2.0 - 3.4 (relative value of / 114 

> -> 

tlie rate of change k equals the quantity [1 - u (R) 1 , wljere u(R) is taken from [2J ) . 

Since tlie calculated equation of the lignt vector from PIMLS in a turuid medium 
lias the appearance as in tlie case of absolutely absorbing medium, then evidently, 
one can assume tliat it is also suitable for calculations of tlie normal E^(R) and 
spatial Eo(R) illumination. Hiis can be analytically confirmed for E^(R^) by using 
the correlation div^TR) = Hi^(R) whicn is known in the literature [bl, and for %(R), 

2 31 



Figure 1. Geonetry of E-xperiment 

by using the correlation l ~ and the experiment.al data for tlie 

coefficient of diffuse reflection presented for tne case of aquatic niedia in [2] 

-,0.01 for T, • 2.0 - 3.4) . 

► 

V\te note tiiat the values %(R) calculated according to formuJa (7) agree well 

with the data of mecisureraents made by S. Duntley [1] (the discreg)ancy of tJie ccaTpar- 

able quantities corresponds to 3% of the variation of x for t. < !<’)- Tliis fact was 

established previously in [6] , but in this case the author obtained an identical 

> 

calculated formula Ej^j(R) enpirically, by analyzing the experimental results of [1] . 
Ihis result can be explained by studying the nature of scattering of radiation whidi 
ii> inlierent to tliese waters: the scattering indicatrix of water in lake Pend Oreille 

IT'' 


ljfl» a pencil-beam appearancje (curvature of tive indicatrix K ■ 12 In raci"®*5) (7). 
Consequently, essentially tlie entire scattered light flux (over 90%) is oonoen- 
trated in bie region of small scattering angles (from 0 to 10®) , and tlierefore 
witli small optical distances from tlie source, the losses of its lignt flux during 
tix> creation of illunination can be considered governed only by radiation absorp- 
tion in tlie meoium mass in tlie first approximation. 

In conclusion we note the following: tlie leurger the numerical value for steep- 

ness of tlie radiation scattering indicatrix in the studied media (in particular 
aquatic nedia) , the Idgher the accuracy of the results of analytical calculations 

of integrated characteristics of the light field PIMI£ according to formula (7) 

■> 

(average cosine of the brightness bo<fy ir(R) with a rise in k adepts values close to 
one) . 
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CALCUIATION OF 1HE HMPOIAL ri'rJVCIVRE OF SIGNAL REDOING 
A SmL ANGULAR APERIURE DEIECTOR LOCATED IN AN ARBITRARY 
POINT OF THE EMVIROtMIlT. A. N. GURFINK 

Results eure presented from cxsnfnating Green's fvnctions in the 6>pulse 
system acasrdlng to the time and dimensions of a cross sectiorw a point receiver 
of small angular aperture placed at an arbitrary point of an aquatic medium. 

One of the most urgent problems in the theory of transport of narrow light 
beams is the study of the tenporal structure of a signal reaching a small angu- 
lar aperture detector at an eurbitr 2 u:y point and oriented in a definite manner 
in space, lesks of this type arise in developing systems of location, underwater 
television, etc. 

Many authors have tried to solve this problem. L. M. Romnova [1,2] solved 
it analytically in a small-angular approximation, and then introduced corrections 
oonputftd numerically. L. M. Romanova also develc^^ed a method for oonputing diff- 
erent clvaracteristics of the light field from a narrow beam, based on computa- 
tion of the planar ncments. L. S. Delin in a small angular approxinetion studied 
the deformation of a direct-angular mono-directed light inpulse [3]. I. L. Katsev, 
conputing the light field in the deep layers of a turtaid medium, used the non- 
stationary diffusion equation with initial and boundary ocxiditions [4]. Its solu- 
tion is a sum of an infinite series according to the Haxwkel functions. G. A. 
Mikhaylov developed and introduced calculations of li^t fields by the Monte 
Carlo method [5]. Many problene to explain the dependence of light field inten- 
sity or density of light energy on different parameters under conditions of real 
problems were solved by S. D. Gutshabash [6], A. M. Gurfink [7], A. G. Luchinin 
[8] and others. 

This work has conputed the tenporal structure of a signal reaching a spot 
snail angular aperture detector located at a certain point and oriented in a 
definite nanner in space. 


statement of ttie task. Assune tnat a 6-Inpulse falls under the boundary of /116 
a uniform turbid medium by dimensions and time perpendicular xy to tae surface (Fig- 
ure 1) . Ute spot smal]. .angular aperture detector with semi-angle of t£^er arocosp 
is located at a point with polar ccxardinates and e (the azimutli is assumed to be 
equal to zero) . Orientation of the detector in space is assigned by tne zenitli angle 
and the azimuth angle 

The optical properties of the medium are assigned by the scattering index o []n/m ] , 
the probability of photon survival in a single act of scattering a / and by the scat- 
tering indicatrixxty) (Figure 16) . 



Figure 1. 


Plan of Task 
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The beginning of tJie coordinate system is located at the point of beam / 117 

entrance into the medium, llie CFi axis is dizected deep into the mediim. 

It is necessary to stu<^ the influence of position and orientation of tlie 
detector in space, as well as the optical properties of the medium on the tenporal 
shape of tlie signal reaching tlie detector. 

The calculations assumed tJiat tlie following were constant: ’•'de = 0 . P = 0.999 
(2.5) , v= s/r, = 0.222 iVns, Aa i. Thus, this W3ric computed the Green's functions 
in tile system of an infinitely narrow source, a small angular s^rture detector wiiich 
is located at an arbitrary point in the aquatic medium and is oriented in a aefinite 
manner in cpace. 

In order to solve tiie set task, a universal program was de 'elopea suitaljle for 
any computer which has a "-translator. Tlie calculation algorithm (9, 12) was based 
on the metiiod of "double local assessment" in combination with exponential transfor- 
mation, in calculating tlie "multiple" component of the signal reaching the detector, 
i.e., tile contributions of photons which experience two and more acts of scattering. 
(Calculation of a single scattering was made separately. In this case, the method 
of "local assessment" was also used in ccmbination with exponential transformation) . 

The "grid" of points of the tenporal histogram for the process of inpulse diffu- 
sion is not uniform: in tlie beginning of the process, tlie tenporal intervals were 

sliorter tlian at tlie end. In all calculations, the process was traced until the 
onset of a "near" asynptotic regime. The entire teaiporal interval was divided into 
ten parts. The use of a BESM-6 corputer made it possible to immediately calculate 
^vin several directions, however, because the relative dispersion of tne results 
depends on a number of examined trajectories, optical depth and orientation of the 
detector, the number of directions changed from 10 (t = 5, number of trajectories 


N = 15,000 and calculation tijne of one variant t^lS minutes) to 2(i = 25, N * 25,000 
and t = 46 - 48 minutes) . Hie calculations were made on a oonputer of the (jonputer 
^Canter of the Siberian Department of the USSR Academy of Sciences. It has a multi- 
plicative sensor of pseudorandom numbers uniformly distributed in the interval (0.1) . 
Construction of tlie histogram used the results with relative dispersion /d^ <0.3, 
while tlie otliers were eliminated. It should be noted tliat tJie data witJi dispersion 
' 0.3 were less than 5%. Curves were constructed in a sen! logarithmic system of 
coordinates in tlie form of tlie relationsliip Igl = f (t) . On tne y-axis, the numbers 
marlt tlie boundary of tenporal intervals of the histogram. Hie field of accuracy of 
calculation is siiown by vertical segments. 

The dependences of intensity of tlie received signal on time were carputed with 
tile follcwijig values of arguments: 

o - 0,05; 0,123; 0.184 [/n/n], /?u - 100 m. 

140, 150, 160, 170, 180, 190. 200, 210. 220, 230°; 

9* 0. 10. 20. 30. 40. 50°, 

witli the same scattering indicatrix measured at station 347 during the trip of tlie 
scientific research vessel "Llti. Mendeleyev" of the Institute of Oceeinograi^iy of tlie 
USSR Acaden^ of Sciences (presented below in Figure 16) . A large grid of results 
was obtained wiiich makes it possible to compute Green's function (i.e., the response 
of tlie system to the effect of the 6-iiipulse at the inlet) of tlie examined system 
depending on the position, orientation and scattering indicator (excluding tlie indic- 
atrix -t this stage) . Hiis "gria" makes it possible to use interpolation to obtain 
Green's function or impulse transitional functions (ITF) for intermediate values of 
tlie arguments. 

In order to clarify the dependence of tlie impulse transitional functions (ITF) 
on the sliape of the scattering indicatrix, the follcwing versions were ocnputed 
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n = i.|.>3 In M. R„~-^ryO M, H *= 50°, =« 230, 240, 250 ‘^00 

aitd 280°; 

and iJ=l»0, 190, 200, 210 

Hie main paranKiters of the scattering indicatrix waidi were used in the calcu- 
lations are given below (the indicatrixes i\)ere obtainea in full-scale neasurements 
uy V. M. Pavlov and 0. V. Kopeleviai) . At angles 0=0 and 180°, the inuicatrixes 
were supplemeiitea accoruiny to condition x(0) = 2x (20'), wuile x(lb0°) was extrapo- 
lated. here — extension of indicatrix, wliile A — aecinal logaritnni for ratio of 
urigatness "forwards" to urigntness "backwards." 


lAbliL. 
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1 
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2 

Paciiic Ocean, st-ation 387 

50 
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3 

8artasso Sea, station 3A7 

:m 

0U7 
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079 

08238 

10.54 
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h 

Pa i.t'ic Ocean 

H)0 


071 /.I 

08'il ' 

0852 

II. 5S 

4.6M 


Vve liad in our possession results frcan measuring tlie characteristics of nonstat- 
ionary liglit fields from a narrow-directed inpulse source [10] which were made simul- 


taneously witli measurements of indicatrix numbers 3, 4 (Figure 16) . Hiis made it 
possible to conpare tiie results of full-scale studies and calculations made inde- 
[xjndently of eacii otlier. The oonparison was naoe for five diaracteristics of tlie 
saape of the ITF curves: wiotiis at levels 0.5, 0.1, 0.01, position of tlie maximum 
of tJie curve anu "asynmetry" of the curves, by asymnetry we mean the latio of the 
time interval from the anterior front at tlie level 0.5 to tJie maximum co the time 
interval, from the maximum to tiie point at the dip in tlie curve, also at level 0.5. /] 

Tne cotpariscMi results (after tlie absorption was taken into consideration ITF's 
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"were convoluted'' witli tlie original signal anitted by a Iflser (lO]) are presented 
in lable 1. Tney sliow tliat the calculated and e:q)erijnental data coincide satisfac- 
torily: the discrepancy niainly does not exceed 25%, Subsequent analysis was made 
based only on calculated data. 

The results of calculations of all versions cure presented in Tables 2 - 26. 

Some of them are presented in Figures 2-13. Tne tables present tlie absolute brignt- 
ness values of tlie upper lines corresponding to definite angles , anu in tlie second 
lines, dispersion. 

In the first series (Figures 2-7) values are given for tlie siiape of tne inpulse 
transitional functions (ITF) for the same distance = 100 m (i = 5, a =0.5 In/m, A = 
1) , but for different mutual orientations of the receiver and the source. The second 
series of figures (Figures 8 - 13) contains oata on tlie ITF for t =12.3 and the same 
orientation as in tiie first series. The geonetric distance from tlie source to tlie 
detector Rc and the probability of quantum survival remain the same as in tlie first 
series. Thus, tlie presented data make it possible to evaluate tlie influence of tlie 
scattering index of the medium and tlie angles of mutual orientation of the detector- 
source system on the shape of the received signal. 

We will exanine tlie appecirance of tne obtained ITF in tiie example of Figure 3. 

The general sh^ie of the dependence of the logaritlim for intensity of the signal 
reselling tne given aetector on tine is such (tliis is apparent in all tne remaining 
figures) tnat three distinctly pronounced zones can be distinguishea on it. 1 — 
zone of increase in intensity of signal (tnis zone was not always "vrorked", for a 
fairly oonplete explanation of it it was necessary to assign extremely small quan- 
tities of the tenporal intervals, vhich did not dways coincide witli other tasks of 
the work) ; 2 — zone of drop in signal according to a certain conplicated law; 3— 
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Figvire 14. Dependences of Duration of Zones I ^d^II on 
Geometry of EJ^riment: a zone I (t ~ ' 

b — zone II ( t = 5) , c — zone I ( t - 12.3) . 
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Dependences of Parameters of Sh^3e 
of ITF on; 1 — Tq , U = 280 ; 2— 
10.1 ^= 260 , 3--Tqj^ = 250 ; 4— 
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Figure 16. Silkies of Scattering Indicatrixes 
of Sea Water, used in Calculations: 
1— tcingential at point corresponding 
to scattering cingle 50° for indica- 
trix measured at station 740; 2 — 
"standard" indicatrix corresponding 
to real indicatrix with scattering 
angle 50°. 


zone in which decrease in signal intensity occurs according to a law close to the 
exponential. We will call it tiie "near asynptotic." It follows from theoretical 
solutions tliat witli a furtiier rise one siK)uld expect the appearance of a distant 
or true asynptotic regime in v^ich tenporal attenuation of the signal is subordi- 
nate to the exponential law. 

Tile auration of tlie first zone (Atj^) clianges in a fairly large range of time 
ana depends on and 

It is coni\on knowledge (Figure 14a) tliat the nore time passes from tne beginning 
of tile process, the higher tlie average order (frequency) of scattering of the pliotons 
readiing the detector. Since tlie interval is formed by liglit of small orders of 
scattering, tlien an increase in o(witii constant gecmetry of the experiment) or (u~ 
n) results in a decrease in the nunber of photons of small scattering orders which 
reach tiie detector, and consequently, decrease in the size of tlie signal in the / 121 
beginning of tlie process, emd increase in the time interval For example, with 

o = 0.123 In/m and (u~o) ^ 215'’ and (irti) ^ 105°, At^ exceeds 150 ns. At the same time, 
with (i,'-r.) = 180° (the detector is directed tcwards tlie source), this interval is 
the minimum with o = 0.05 In/m and all oa t^ ^ 7 ns. 

In deformation of the sliape of tlie anterior front of the ITF curve, yet another /131 
trend is observed which is traced well in the transition from one geanetry of the 
experiment to anotlier: characteristic changes in the sliape of the curve of tlie 

anterior ITF front. If (sJ-o)~ 180°, tlien the anterior front lias the sliape of a 
flash-up with very steep elevation. VVitn an increase in tlie optical distance or 
(u-o)-^ 180°, the anterior front is a smootii curve vmich is convex utwards. If (i2-o) 

180°, then a tenaenc;/ is observed for clie curve of the anterior front tcwards 
"rectification," ana for exanple, in die case = 50°; = 12.3, (^^-0)2. 210° 


(Figure 14b) tliere is almost a straight section with subsequent snKX>th transition 
to the "main" curve near the maxinum. 

In tlie second zone (/\t 2 ) , t)ie signal is formed by pliotons of different orders 
of scattering. Hieir contributions are oonv^rable in absolute qua.itity, Hierefore, 
changes in mutual arrangement of the dstector and source result in variation in the 
snape of tJie curve in very broad limits. In particular, a drx:^ in tlw signal in this 
zone Ccui be steeper tlian the increase in signal in tlie zone Atj^ (Figures 10 • 12) . 

Ihis effect was also obtained in the experiment [10] . 

The benavior of tiie ITF curves in tiie zone At 2 can be approximately described 
by tlie quantity of orop in signal in a certain tine interval. selected the 
interval equal to 100 ns, counted from tlie maximum ITF. Hiis interval usually covers 
part of zone III, but generally, tlie indicated procedure roalces it possible to clarify 
the qualitative dependence of tlie average rate of chcuige in tlie signal in zone II on 
tlie geavetry of tlie ejqieriment, o, indicatrix, etc. As is apparent from Figure 14c, 
tlie effect of experiment yecmetry on the shape of the ITF in zone II is manifest most 
strongly witli o = 0° and (iJ-o) close to 180“. Increase in i , in tlie sane way as 
angles ( '-'' -180°) results in a decrease in tlie quantity of signal drc^p, while the 
curve in tlie limit approaclies tlie inclined straight line. 

Tlie seoond zone smootlily transfers to the third zone At 3 , tlie "near asymptotics," 
vhose beginning (witli fairly broad zone of transition, i.e., "blurred" boundary 
between zones) , rapidly travels to tlie right on tlie time axis depending on o, Co~t)) 
and ’ . 


Tlie third zone is formed by pliotons of large scattering orders. It is notice- 
able tliat here not only does the drop in tlie curve occur according to tne ^proxi- 
mtely exponential law, but also (in limits of accuracy of tlie numerical experiments) 


tlie exponents are very close, lo^^ver/ a tendency is observed towards increase in 
the exponent in absolute quantity with a decrease in o,0 and i.e., witii a 

decrease in optical distance of the point of the detector center from the beam axis. 

This is associated with tlie fact that tlie smaller the optical 'istance from the beam 
axis, the a) greater the contribution to tlie quantity of intensity of the photons of 
smaller orders of scattering; b) the faster the process of light emergence from the 
zone examined by tlie detector. 

The tendency of tlie ITF curves towards convergence which is tracea on all tlie / 132 
graphs shows tliat tlie process of equalizing of the sliape of tlie brigatness body is 

not finished, and consequently, in addition to tlie tliree zones we obtained in numer- 

ical experiments, t^iere is a fourtli zone, distant (or true) asynptotics and drq? in 
tlie ITF curve according to tlie exponenti.al law. However, tlie extrenely slow conver- 
gonoe of tlie curve does not nake it possible to reacli the fourtli zone in tlie calcu- 
lations . 

In those cases vdiere tlie reception point does not lie on tlie axis of tlie init- 
iating light beam, all the ITT curves (i.e., Igl = f(t,sJ= const) are divideu into 
two regions. Tlie boundary between them is tlie ITT curve with (iro) ~ 180°! the 

receiver axis aimed at the "source", i.e., tlie point for entr^mce of the beam into 

tne medium. Tiiis curve (.;-o= 180°) always has the acutest maximum which is located 
to tlie left of tlie mciximun' for all other curves (? - i ^ 180°) and has the greatest 
absolute quantity. All tlie curves witli (^;ni) • 180° are located above tliis curve. 

All the ITT with (s.'-i^) '180° are lower. As a rule, tlie curves witli (\.-o) ^ 180° have 
an incline of the "near asyn^itotics" wiiich is semevdiat greater than the ITT with 
(i,;-o) V 180°. In addition, an earlier emergence of tlie curves witli lover (Q-o) to 
tlie "near asynptotics" is observed than witli greater. 
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One of tlie nost inportant questions in studying the nonstationary narrov radi- 
ation beams in the sea is the question of the influence of the shape of the scat- 
tering indicatrix on the light field. It is extremely difficult to clarify this 
question in an experiment. Based on an analysis of numerical studies (Tabl e s ly - 
26, Figure 15) one can make certain preliminary assessments. According to the sug- 
gestion of V. N. Pelevin, the influence of the shape of the scattering indicatrix 
on the ITF form was sought in the first c^roximation in the form of dependences of 
tlie ITF parameters on tlie second angular mcments of the indicatrix wtiicn characterize 
tne rate of photon redistribution in directions. 

Figr.re 15 presents: in the upper part of the figure — the dependence of the 

width of the ITF curves at level 0.5 (dotted line) and 0.1 (solid lines) , and also, 
in the Icwer part of tlie figure, tlie time of shifting of the signal maximum along 
the time axis (solid lines) and the logarithm of absolute values of intensity on7^» 
The curves were constructed for cases n= 240, 250, 260 and 280 with o= 50“ , = 

50 m, 0 “ 0.123 In/m, i.e., the detector was located outside the aximcd region of 
the incident radiation beam. For other 0 and I^, a similcu: behavior of the ITF curves 
occurs at different . 


As is apparent from Figure 15, witli an increase in the values for tne ITF 
width rise at level 0.5 and 0.1 (as well as 0.01) , and shifts of tlie maximum to 
the right along the time axis. The absolute values of the signal maximum diminish 
with an increase in One sliould note that the obtained nature of beiiavior of 
tlie curves in Figure 15 can be predictel fairly correctly based on tlie model of 
narrow-directional radiation beam introduced in [10] . 

The shape of tlie scattering indicatrix (Figure 15) significantly influences / 135 
the light field in a turbid medium with -^ < 0.25. With y^ > 0.25, the influence of 
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the indlcatrix is weaker: the dependence of all tlie examined quantities on is 

aliiDst linear. 

In analyzing the behavior of the curves presented in Figure 15, yet anotlier 
feature was revealed: dependences of the position of the ITP ivaxiiram and shift 
of it along tlie axis on ^ of time reacts sensitively to the "geotetry" of the 
conoucted experiment. Tnis is expressed in the fact tnat the points corresponding 
to indicatrix No. 4 did not lie in those positions that tliey snould lie with 2 
0.4/ in Figure 15. They are very shifted, tlieir position is marked by crosses. 
Certain shifts in the oorresponding points are also observed in the curves for the 
shift in the maximum and the ITF width at different levels, however, tiiey are iiisig- 
nificant and are usually in the field of accuracy. More characteristic and clearly 
pronounced shifts in the points are observed in the curves of absolute value of tlie 
maximum ITF (curves 9, 10, 11 and 12 in Figure 15) . 

The position if the ‘'crosses" in Figrure 15 correspond to those values of 
of standard* scattering indicatrix vrtiere tlie incline of the average section equals 
the incline of the real indicatrix with tlie scattering radiation angle given in the 
specific problem. For exanple, for indicatrix No. 4 with scattering angle 50°, the 
standard indicatrix has y^- 0.07. Almost the same value of y^ is obtained in Figure 
15 if the "crosses" are projected onto the oorresponding curves, and then the quan 
tity y2 is determined. Tne spread of the points, as is apparent from Figure 15, is 
qi ite permissible. 


*Py gj-a ndar d is tliat artificially constructed indicatrix which has one linear 

average section in the range of zenith eingles. 
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OONCUJSIONS 


1. Results are given of calculations of the ITF for different gecmetric situ- 
ations in the ocean in the system of 6 - impulses according to tine and transverse 
dimensions; a small angular aperture detector placed in an arbitrary point of the 
turbid nediun and oriented in a definite manner in space. All tJie IlF were oom- 
puted for one constant hydro-c^tical scattering indicatrix which is characteristic 
for waters in the Indian Ocean. 


2. Ttie influence of the shape of the scattering indicatrix on the llF was 
studied in the first approxination. 

3. Consideration of otlier optical characteristics of the probleiu, coefficients 
of absorption, temporal form of the original signal, etc., is reduced to siitple multi- 
plication or integration of tlie "grid" type. 


The author is sincerely grateful to K. S. Shifrin, B. A. Kargin and V. N. Pelevin 
for support and constant attention to tliis work. 


BIBLIOGRAPHY 


1. Romanova, L. M. "Nonstationary Light Field in a Deep Turbid Medium Illuminated /136 
by a Narrow Beam," Izv. At'i SSSR. Ser. FPD . vol 5, No 5, 1969. 

2. Romanova, L. M. "Nonstationary Light Field in Turbid Media," Teoreticheskive 
prikladnwe problemy rassevanava sveta f "Tlieoretical and Applied Problems of 
Light Scattering"], Minsk, 1971. 

3. Delin, L. S. "Spread of Narrow Light Beam in Median with Very Anisotropic Scat- 
tering," xzv . vuzov . ser . radiofizika , vol 9, No 1, 1969. 

4. Katsev, I. L.; Zege, E. P. Vranennwe asimptotidieskive resneniya i^avneniy a 
perenosa izlucheniya i_ ikh primeneniye ["Tenporal Asynptotic elutions to tHe” 
Transport Equation of Radiation Under Af^lication" ] , Preprint of tlie Institute 
of Physics of the USSR Acadeity of Sciences, Minsk, 1973. 


co 




ORIGINAL PAGE 18 
OF POOR QUALITY 


5. Marchuk, G. I.; Mikliaylov, G. A. Metod Monte-1^ lo v atanosfemov op tike ["Monte 
Carlo Method in Atmospheric Optics ^ , Novosibirsk , Nauka, 1976. 

6. Gutshabash, S. B.; Ivanov, V. V. "Propagation of Brightness Wave in Optically 
Fit Atmosphere," Izy. ^ SSSR, Sg£. FAO, vol 10, No 8, 1974. 

7. Gurfink, A. M. "Nonstationary Radiation Field in Semi-infinite Medium with Non- 
isotrc^ic Scattering , " Qptika okeana i atmosferv [ "Optics of tlie Ocean and Atmos- 
phere"], Leningrad, Nauka, 1972. 

8. Luciiinin, A. R.; and Savel'yev, V. A. Izv . VUZov . Ser . radio fizika. vol 12, No 2, 
1969. 

9. Krekov, G. M.; Mikhaylov, G. A.; and Kargin, B. A. "Algoritlms of tlie Monte Carlo 
Method to Solve the Task of the Theory of Propagation of Narrow Light Beams," 

Izv. VUZ ov, ser . Fizika, Nos 4, 5, 1968. 

10. Gol'din, Yu. A.; Pelevin, V. N. et al. "Experimental Studies of Nonstationary 
Light Field in tlie Ocean," Gidrofizicheskive .i gidrostaticheskiye isslexiovaniva 

Atlanticheskcm i Tiktiom ol^nakh [ "HvdropRvsical and I^drostatic Studies in 
the Atlantic and Pacific Oceans"], 14osccw, Nauka, 1974. 

11. Katsev, I. L. 'Propagation of Light Inpulse in Semi-infinite Isotropically Scat- 
tering Medium," ZliPS. vol 9, No 6, 1968. 

12. Mikhaylov, G. A. "Use of Exponential Transform in Calculating Passage of the Monte 
Carlo Particles," Metod Monte-Karlo .v probleme perenosa izlu^eniy [ "Monte Carlo 
Method in a Problem of Radiation Transport"], Moscow, Atanizdat, 1967. 


TABI£ 1. COMPARISON OF RESULTS OF PHYSICAL AND MATHEMATICAL EXPERIMENTS* 


Geonetric 

R, 

C 

50, H « 0" 
St. 

\ X ^ 9,2. A ^ 0,8, 
740 

R^ - :>0, rt - (W. T « 6,15, A - 
^ St 387 

0,67 

Parameters 










1 

1 * 

__ 

i 



Parameter ' 

U IK() 

IMO 

1 

j -MMf i 


1 

i ^ j 

260 

*380 

Shift in ampli- 



1 

1 


10/3^ 

72.92 

100/127 

tude 

r 


l«iJl 1 

1 IH/^1 

1 30Ai.‘> 

Ratio % 

} 


(15.8 ' 



I05.> 

78.4 

102.5 

0.5 

Ratio % 


\r <0 

Ki/n 

19/11 

32/29 

40/3! 

48/47 

74/80 

0.1 

.iM 

Mi > 

118 


tio 

132 

102 


Ratio % 

1 

14,, , 



38/ 

72/4>i 

85/70 

110.9b 

104/MMi 

0.01 
Ratio % 

l 


1 19 5 

:r,.3 1 

1 14 2 1 

1 1215 

1 

1 H » 


Asymmetry at 



v> 

M/2m 

1 

1 


_ 

level 0.5 
Ratio % 

1 

> 

♦j 


21 '.'i8 

.. 

! 

, 

1 

— 




It '14 

1058 

12/20 

! 18/22 

22/26 j 


' 

1 ( 

V :»/T” 1 

9/1‘J 

131 

3.5/17 

! 1*4/17 

23/23 1 

44/42 



1 

104 6 

70/93 ' 

1 

75.5 

1 

W.5 

64.6 

112,2 


*The term "ratio rceans tlie ratio of data of mathematical experiments of this work 
to the measured [10] presented in the previous line. 




ORIGINAL FAGi IS 
OF FOOR qUAUTV 






**nie order of the nintier is indicated from the right of the significant part of one, for 1.79- 

8 neans 1.79 x 10 “ 8 . 
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TABI£ 4. nr FOR THE CASE: ZEUITt. ANGI£ OF FBCEPTICN POINT = 20®, SEME AtCLE OF TAPER €F REXEIVEK 

.s = 2.5°; INDICATRIX OF STATIOa 347; ^ = 0.05 In/m; A = 1; = 100 m; N = 12,000; ci = 0.025 

= 0.222 nv/ns 
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ITF FOR THE CASE: ZENITO ANGI£ CF BECEPTION POINT 3 =40 ° ? SEm ANGI£ CF TAPER OF REXEIVER 

Ys = 2.5; INDICATRIX OF STATIOJ 347; t = 0.05 In/m; •' = 1, = 100 m, N = 15,000; Ci = 0.040; 

a = 0.222 irv^ns 



TABLE 7. IlF FOR THE CASE: ZENITH ANGLE CF RECEPTICW POINT 0 = 50 ®; SEMI ANGI£ OF TAPER OF RE3CEIVER 

Ys = 2.5; INDICATRIX OF STATION 347; 0 = 0.05 In/m; A = 1, lU = 100 m, N = 12,000; ci = 0.025; 
v= 0.222 iti/ns 





IlF FOR THE CASE: ZENITH ANGLE CF RECEPTICW POINT G = 0 ®; SEMI ANGLE CF TAPER OF RECEIVER 
Yg = 2.5; H'lDICATRIX CE STATION 347; o = 0.123 In/m; = 1, = 100 m, N = 15,000; ci = 0.0984 

V = 0.222 iVns 





TABLE 9 • ITF FOB. TOE CASE: ZENITH ANGLE CF RECEPTIGN POINT 9 = 10° ; SEME ANGLE OF TAPER OF REXIIIVER 

Ys = 2.5; INDICATRIX OF STATION 347; o = 0.l23ln/m; ; = 1, lU = 100 m, N = 35,000; Ci = 0-09b4 
v= 0.222 nv/ns 


i I 
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ITF FOR THE CASE: ZENITH ANGLE CF RECEPTICN POINT 3= 30°; SEME ANGI£ CF TAPER OF RECEIVER 

ys = 2.5; INDICATRIX OF STATION 347; o = 0.123ln/m; A = 1, = 100 m, N = 15,000; = 0.09b4; 

^ = 0.222 ni/ns 



TABLE 12. IlF FOR THE CASE: ZENITH ANC2£ CF RECEPTIOI POINT G= 40 ° ; SEJ1I ANGI£ OF TAPER OF RE)CEIVER 

Ys = 2.5; INDICATRIX CF STAITON 347; a = 0123 In/m; A = 1, = 100 m, N = 15,000; ci = 0.09o4 

M = 0.222 rn/ns 


— — 
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1 :,. I-IF FOR 0=10°. = 100 m; c= 0.184 In/m; STEAl'ION 347; N = 15,000; 
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to 


ITT FOR 0=20°, = 100 m; o = 0.184 In/m; STA1’IC»J 347; N = 15,000; 














TTF FOR G =30°, R' = 100 m; o = 0.184 In/ro; STAl'ION 347; N - 15,000 



OU3 
















table 18. nr for G-50°. = lOO m; o= 0.184 In/m; STATION 347; N 15.000 



17 ^ 


rn? for e = 5'A ^;=50 M. 0 = 0.123 Ib m, N = is OOO. C.=0,09845t. .w 



TABLE 21 . ITF FOR 0 =50°, = 50 m; ° = 0.123 In/m; STATICS 740: N = 15,000; ci = 0..0984 
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TABLE 26. IIF FOR 0 = 0”, R, = 5O m; o = 0.184 Irs/m; STATICXa B.S,* N = 15,000; ci = 0.15 
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OONSIDEE^TION OF TEMPORAL CHARACTERISTICS OF EQUIFMESJT 
IN EXPERIME21TAL STUDIES OF NONSTATIONAR^ LIOfT FIEU£ 

OOL'DIN, YU. A., PELEVIN, V. N. 

Determination of Green's functicxi of a nonstationary problem G(t) with 
esqierimental data can be sinplified by selecting the corresponding measurements. 
It is shown that calculation of G(t) does not require knowledge of the tenporal 
characteristics of individual elanents of the measurement system. It if< suffi- 
cient to determine the shape and anplitude of the "original pulse" f(t) in the 
work vMch contains edl the information regarding tenporal characteristics of the 
measurement system as a whole. The reception and recording units of the studied 
and refejrence pulses must be identical. 

One of the methods for studying nonstationary li^it fields (NLF) making it 
possible to solve the task more generally is the method of determining Green's 
function G(t) , that is, spatial-tenporal distribution from a source yielding a 
6-in|)ulse in time [1,2]. The bri^tness sources used in the experimental studies 
emit impulses of finite duration, v\hile the receiving-recording equipment has a 
finite frequency transmission band. It introduces distortion into the recorded 
tatporal changes of brightness. As a result, the tasporal course of signal P(t) 
recorded at a certain point differs from the unknown Green's function G(t) . 


The shape of the light iitpulse of the source f^ (t) , the inpulse transitional 
function of the reception- recorc ing equipment h(t), and the shape; of the recorded 
inpulse P(t) are linked to G(t) by the integral equation: 

= T2 T|)G(T|)/,' T.w/T|f/T2 (1) 

fJ >1 

Solution to Equation (1) makes it possible to obtain G(t) in principle 
from experimerital data. 

This study (without concerning the methods for solving (1) ) will examivie how 
to sinplify the task of determining G(t) by selecting the correct measurement plan. 

P(t) is the result of the successive acticm of the inpulse of the scattering 
medium source and the measurement system. If the mediun and the measurement 
systan are linear, then the final result, that is the anplitude and shape P(t) 

iu 


9 


does not depend on the sequence of actions [31. It is natural that this 
assertion refers to the sequence of mathematical (^rations. It is ijtpossible to 
experimentally permutate the order of passage by the impulse of the medium and the 
measurement system, since the light impulse is transformed into an electrical inpulse 
in the photoreceiver at the inlet of tine reception-recording systan. 

We will write: 

^(0=l'|l ' foil- rr )dxi]h{x 2 )a<i^-. (2) 

o 

I 

- til fo{t~ ~xz ~x,)h{xi)dx>]G ixt)iht 


Taking into consideration (2) , one can write 


P(i) = 


fi{t—x)G(x)dx, 


li{n= j7o(/-T)/l{t)dT, 


(3) 

(4) 


flit) is the source inpulse recorded by the employed reception-recording system 
directly at the source outlet in tine absence of a scattering nedium. We will call 
f]^(t) the original impulse of the measurement system. Une original inpulse contains 
all the information regarding tine tenporal dnaracteristics of tine measurement system 
as a whole. One can formally consider tlnat the source emits the iitpulse fi(t) , winile 
tine reception- recording system is ideal. 


Expressions (3, 4) make it possible to draw a number of conclusions which are 
important for practice. 


Finding G(t) by solving (1) does not require separate analysis of fo(t) and 
h(t) . It is sufficient to determine the form and anplitude of the original inpulse 
f 2 ^(t) . Consequently in making measurements, one should record as tine reference 
impulse not the inpulse emitted by the source f q (t) , but the original impulse of 
the system ti (t) . The systems of reception and recording of the studied and reference 
impulse therefore must be Identical. I 83 


The functions fQ(t) and h(t) are included in the expression vdiich detemdnes 
f]^(t) equivalently. It is in^xyssible to obtain a significant decrease in tl've dura- 
tion fi(t), by only reducing fgCt) or h(t). In fact, if for example, the duration 
of h(t) is much greater than the duration of fo(t) , then the aj^aranoe of fj (t) 
detenrines precisely h(t). Furtiier decrease in the duration f,o(t) witn preservation 
of h(t) practically will not alter tlie appearance of fi(t) . In tliis respect, it is 
expedient to make the duration of tlie source iitpulse and tenporal resolution of the 
reception-recording system roughly equal. 

Requirements for auration f]^{t) are determined the extent of G(t) at the 
assigned level v^iich must be recorded, and by tire quantity of error in measuring 
the duration of tire studied inpulse at this level. In fact, with an increase in 
duration f (t) , tlie quantity of absolute error in determining the duration of the 
impulse P(t) rises at the assigned level. With a certain duration f^Ct) , the quan- 
tity of error is oorpared with the quantity of differences in form P(t) and fj^(t) . 
Information regarding the medium is completely lost and it is not possible to deter- 
mine G(t) from (1). Detailed study of tiie aocuraoy of transformation (3) Depending 
on experimental errors were nade in [2] . 
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USE OF TOE PROPEFTIES OF TOE SPATIAL STPUCIURE OF NONSTATIONMW LIGHT FIQJD /168 
TO CONDUCT EXPERIfCNTAL STODIES. YU. A. GCOi'DIN euld V. N. PELEVIN 

It is shoMi that properties of the spatial structure of a nonstationary light 
field can be used to reduce the experimntal studies*. 

B: was noted in publication [1] , tliat tlie task of forming a nonstationary lignt 

field of scattering medium can be reduced in tlie general form to fixling at different 

points of the given mediun,thetei.iporal distributicai of brightness from the source vAiich 

emits a narrow-directional light beam which is sufficiently short in time so tiiat it 

can be interpreted as a <5-inpulse, i.e., finding Green's function of the process G. 

here we will examine the question of lv>w one can reduce the number of measurements in 

studying the spatial structure of a nonstationary light field in an assigned medium, 

by using tiie ratios which link G(r, n, t) for certain pairs of r and n. The link of 
> -► -> 

G(r, n, t) for certain pairs of r and n can be obtained by using, first, the prop- 
erties of synmetry of the light field structure, and secondly, tlie ratio of optical 
reciprocity. Vie will first exanine the properties of symnetry. 

In orcier to describe tlie position of the brightness meter and its orientation 
in relation to the source, we will introduce a coordinate si'stem vdiicli is presented 
in Figure 1. Tne source is placed in tlie beginning of the coordinates. Tae original 
radiation of tlie source spreads in direction ny. The position of tae detector is 

determined by the lengtli of tlie radius-vector r, polar angle “ and azimuth angle ‘I’ . 

> > 

Hie value = 0° corresponds to direction nQ. Orientation n 2 ^ is determined by the 
polar angle P and tlie azimutli angle '{>. With B = o°, the detector is aimed at the 
source. The value <P = 3® corresponds to the case where nQ and nj^ lie in one plane, /169 
wliile n]^ witli B ' ibO® — is aimed to the side frorr; the axis of the original light 
beam. 

Tnere is axial synmetry of tne structure of tiie field in relation to tlie axis 
of tlie lignt beam from the source. T.iis means tiat G(r, n, t) does not depend on 
the quantity 0. Iherefore, with the assigned value r^ it is sufficient to nake /ITu 


Figure 1. System of Coordinates Introduced to 

Describe Position of Brightness Meter- 
Receiver and its Orientation in Rela- 
tion to Source. E^lanation in text. 


measurerrents for one ranootn value of aionging tlie quantity « from 0® to 180°. 

*>■ > 

In addition, synnetry occurs in relation to tiie plane fonned by no and r, that 
is G(r,. m. Ri, qpi, i)=G(r,. o,, pt, — <ri. 0 . As a oonsequenoe of tliis, it 

is sufficient to make »;easuranencs for tiie quaintities ^ and 4’ which change in the 
sane way as “ , in limits from 0° to 180°. 


Consideration for the properties of syimetry for a , 3 , and<t> makes it possible 
to reduce tlie volume of measurenents necessary for each medium made witli assigned 
detail four-fold. Ihe possibility of further reduction in the nixtber of measurements 
is associated witli the use of the ratio of optical reciprocity [2] . 


We will formulate a theorem for optical reciprocity of the WIT case as follows: 
in a stationary mediim, tlie value of Green's function at point in direction n^ at 
noment of time t^ govemea by ooint source located at point r^ ana emitting impulse 
(tQ - t) at raotient of tinie tQ in direction Hq coincides witli the value of Green's 
function at poinb rQ/ in direction -nj), at moment of time ti, governed by a point 
source located at point r^ and emitting the impulse 6(tj-t) at moment of time t^ 
in direction -n^. 


'll, h: fih 'If ' )=G(ru, -tiQ, h, r,, — fi|. 


( 1 ) 


Ratio (1) is correct in a stationary linear neuium whidi genercilly can be non- 
uniform and have a boundary of randan shape. We will now obtain the first corollary 
we need for tiie theorem of optical reciprocity which makes it possible to reduce the 
number of measurements with unchanged position of tlie source. In deriving this .corol- 
lary , we assune that the medium is uniform and boundless. 

In a uniform boundless medium, Green's function does not depend on the position 
of the source -receiver system in space, but is only determined by die position of 
the receiver in relation to tlie source and the mutual orientation. Taking this into 
consideration, we transform correlation (1) . Hie function in tlie right side of (1) 
corresponds to a case wiiere tne source is located at point rj^ and emits in direction 
we will turn the source-receiver system Ly 180° around tne middle of a segment 

IThe arguments and parameters in the first group to the point with a conira refer to 
the receiver, the second- -to tlie source. 


1S7 


wiiidi connects the source eu:vi the receiver. After this turn, tlie source will be at 
point Itien by two turns of the system around point itq and around the straight 
line which connects tiie point rg ^nd r"^, we superpose the direction of spread of / 171 
the original radiation source with hg. In this case the receiver will be located 
at a certain point t 2 with direction n^. 

Me will write 

G I riu -flo. I\, ^1. fl|. 'I. ''o- /o) (2) 

It follows from (1) and (2) ; 

(3) 

G\r , n,. I . r,), n,, tu r„. 'lo- ^o) 


rj and X 2 , as well aslij^ and are unequivocally linked. It is convenient to write 
this link by peissing to tne relative system of coordinates introduced above, associated 
witli position and orientation of the source. In this system of coordinates, ratio (3) 
can be written in the form 


with 


G(ri, «i, |ii, (( i, / /,i) -6’i/: i ,|ij ((j, 


(4) 


r , = r 2 , U | = | l 2 , = <|'=<{2 


Hius, in a uniform boundless medium, Green's function does not change with mutual 
permutation of tlie values for angles a and p. 

Ratio (4) is also the unknown first consequence of the theorem of optical recip- 
rocity - 

In a real case of a limitt d medium, ratio (4) is fulfilled in that time interval 
t*-tg, where the influence of tlie boundaries on the af^arance of Green's function 
is still not maxu-fest, or is negligible. If measurements of tlie function G(r,a,B ,4>, 
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t-tQ) are made in the indicated time interval, then it is aufficlont to obtain data 
only for , or Consequently, the necessary volune of measurements is reduced 

another two- fold. 

Hie size of tlie time interval t**tQ is defined by tlie position of tlie source in 
relation to tlie receiver, and their mutual orientation, as well as by the position 
and orientation of tiie entire source- receiver system in relation to tlie bouiviary of 
tile medium. 

Experimental studies of NIJF in the sea were done from a surface sliip. In tnis 
case, it was very difficult to place tiie entire source-receiver system at a great 
deptli far from tlie boundary cind to gucurantee strict mutual correlation of tne source 
and receiver and control of their operation and recording. In practice, either the 
source or tlie source and the receiver must be located at a snail depth near the sliip. 

In tliis case, the minimum influence of the boundary to tlie greatest moment in time can 
'pe guaranteed by an experimental plan in wiiich the receiver cind the source are located 
o.i a vertical bench, perpendicular to the water surfcice. In the case of a horizontal 
benai, traveling in parallel to the surface at a shallow deptli, in the majority of 
experimental siutations the value t* will be significantly smaller. 

Generally speaking, the question of tne influence of boundaries witli different 
position and orientation of the source-receiver system is very important, but study 
of this question is a subject of a special work. In this work, whore v/e are only 
studying a case of uniform unlimited iredium, measures must be taken for the maxituvr.i 
decrease in tliis influence. It is tnerefore necessary to use vertical cptical bencli 
and to limit tiie interval of values of angle a, sucn tnat tlie original light beam 
from the so'orce located under the surface does not fall on tlie boundary. 

1 - ^ 
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1!*te relationships obtedned above refer to the functions Git, n, t; vq, Hq, tQ) . 

It is necessary to take into consideration that the eiqperiinsnt does not directly 
measure G(r, n, t; tq# tQ) , but the received si<jnal P(rx» n^, t^, fax Yx<’ ^q, Hq, tQ, 
Sq, yq) whose quantity also depends on the "geanetrical" parameters of the source and 
the rcoei\er: Sq, yq' ^1' yx* ^ consider that the emitting surface of the source 
ano tlie input pupil of the receiver are round, while the beam patterns of the source 
and tlie receiver are axtsynmetrical . Tnen all the correlations of synmetry are also 
maintahiea for P(rx, fix, tx, Sx, Yx» cq, Hq, tQ, Sq, yq) • In this case, one siioula 
take for ?q and rx the coordinates for the centers of tlie emitting surface and tne 
innut pt^jil of the receiver, and for Rq artd Hx, the directions of tne beam axis and 
the visual field of tiie receiver respectively. We will further speak precisely in 
this sense of tne position and orientation of the source and receiver. 

The ratio of cptical reciprocity (1) as applied to the functions P(rx, nx, tj^, Sx, 
rQ, nQ, tQ, Sq, Yq) needs additional conditions. Taking into consideration the 
dependence of the function P(?x, nx, tx, Sx, Yx* ?q» ^0' "geomet- 

rical" parameters of the gource and receiver, we obtain a second consequence of the 
theorem of optical reciprocity which links these functions. 

In order to obtain P(rx, rix, tx, S] , yi< ^0' ^0' ^0' ^0' yo' ' ^ necessary 

to integrate G(rx, nx, tx,; Rq, Rq, tQ) according 'jo ar i ( :he emitting surface 
of the source Sq and the inlet pipil of the recei%' * Sx, and according to directions 
in lindts of tne beam pattern of tlie source yq anr /er yx* 


We will write 


j dS, J rfvi J ^^0 j n'„ /-'o. m'o. (o) 

'll *0 '•n 

- P{ru fJi, t\, Si, Vi ■). '<0. 0- >Si. Yn), 


( 5 ) 
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vA^te dS]^>-elanent of the surface of the ii^t pupil of ttie receiver located around 
the point with coordinate rj^ ' , dyx*”^ lentsnt of solid angle in visual field of re- 
ceiver around the direction nj^', dS^-- element of emitting surface of nouroe around 
a point with coordinate rQ, dVQ— element of solid angle in light beam from source 
around the direction no', Bq — ^ brightness of source, and K — sensitivity of receiver. 


We will also integrate the right and left parts of ratio (1) . Ihe integral 
from the left part coincides with (5) . The integral from the right part can be 
written in the form: 






ii 


'I,.', (i; r,'— rt/, /n) = 


— l\, So, Yo'. — fh- ^11, SiYi) 


( 6 ) 


vhere dSQ — element of svKfaoe of input pupil of receiver located around the point with 
coordinate tq ' » d Yq — element of solid angle in visual field of reoeivctr around the 
direction -nQ, dS^^ — element of emitting surface of source aro’md the point with coor- 
dirabe rj^' , and dY]^ — element of solid angle in light beam from source around direction 
n^' . In (6) , the limits of integration cr/er the areas and the beam patterns of the 
receiver and the source changed places in relation to (5) . 


After comparing (5) and (6) , we obtain tlie unknown second corollary of the theorem 
of optical reciprocity. 


The signal from the soxirce with brightness Bq, area of emitting surface Sq, and 
original divergence of the beam r q located at point rg and directed to ng , recorded 
by the receiver with area of the input p\;pil S]^ and by tlie angle of tlie visual f:.eld 
Y 3^ located at point rj^ eind directed towards nj , coincide with the signal from tJie 
source with the same brigntness Bg with area of the emitting surface Si and initial / 174 
discrepancy of the beam ^i located at point ifi and directed towards -Hi, recorded by 


/ 
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the detector with the same sensitivity K, area of the ir^ut pupil Sq and angle of 
visual field located at paint Bq and directed towards -ng; 

c . ( 7 ) 

P{fu ai, i\, S|, Yi< Y®) * 

•^P(ro, — Mo, Ih So, Yo< ^®’ V<) 

It is easy to understand tlie meaning of (7) , if one takes into consideration tliat 
the ratio of optical reciprocity (1) is correct for any pair of points at the input 
pi^il of the detector and the emitting surface of the source, and any pair of direc- 
tions in limits of the angle of the visual field of the detector and the initial dis- 
crepancy of \he beam. We will take the points lying on the boundaries and the extreme 
directions of the beam pattern. After the use of ratio (1) , these points and directions 
change places. Tlierefore, the boundary of the emitting surface of the source be- 
ccxnes the boundary of one . pupil of the detector; tlie boundary of the pupil of the 
detector becomes tiie boundary of the emitting surface of the source, vrtiile the beam 
pattern of the source and the detector also change places with a change in direc- 
tions to the opposite. 

Generally speaking, a similar link will also occur in the case of a source and 
detector with arbitrary shape of the emitting surface and input pupil, and ait>itrary 
distribution of brightness and sensitivity by areas and angles. 

From the corollaries 1 and 2 it is easy to obtain corollary 3 of tlie theoreiri of 
optical reciprocity. We will write corollary 3 in the relative system of coordinates 
presented in Figure 1. 

In a uniform unlimited medium, tiie quantity of the function P(r, a,6 ,<}) , S 

/o. Sq» yq) will not change during mutual permutation of angles “ and 3, on tlie 
condition that the area of the emitting surface of the source and tlie input pt¥>il of 

the detector are equal, while the angular beam pattern of the source and tiie detector 
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coincide: 

P{ru ui. Pi, ifi. t. S|. Yi. la. So. Vo) “ (8) 

mmc.P{rt, aa, Pa> <P»* Yi! '^o- Vo) 

witii ri = r 2 , = “2» 'll “ 

and Sq ®= ^0 ” ^1* 

Hie renarks regarding the quantity of tlie tenporal interval t* - tQ in which (4) 
is fulfilled in the r'lse of a limited medium and v4iicli were made after corollary 1 
remained correct for (3) . In practice, Sq and as well as Yq and usually differ. 

If the differences are not great, ratio (8) is approximately fulfilled. Where tlie / 175 
degree of approxiiration is on the magnitude of experimental errors, ratio (8) can be 
successfully used to reduce the number of nacisurements . Ihe degree of approximation 
depends on the size of tlie "geometric'' parameters and on tlie structure of the studied 
light field. Therefore the possibility of using correlation (8) must be determined 
separately for each specific cas'*. 
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APPLICATION OF THE METHOD OF SUPERPOSITION TO CXJMPUTING GREEN’S FUNCTION OF A NON- 
STATTONARY LIGHT FIELD CREATED BY A BROAD DIRECTIONAL LIGHT BEAM 
PELEVIN, V. N., GOL’DIN, YU. A., SHITOV, B. V. 

Ej^rimental data on the structure of a nonstationary light field of a narrow 
beam in the sea are used to calculate Green’s functions for a field formed 1;^ an 
extended directed source vAiich emits a 6-pulse in time. 


It is noted in publication [1] that based on e)^rimental data regarding the 


structure of a narrow beam created by a short-pulse laser in the sea, one can solve 
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different problems by the niethod of superposition, lliis publication presents exanples 
of using this method vo oarpute Green's functions jf a nonstationary light field (NLF) 
fonnad in the sea uy an infinitely extended, directed liaht source. 

As an estimate, tlie calculations used experimental data regarding tJie structure 
of tilt' MU’ of a narrow beam in planes perpendicular to its axis that were obtained 
on the tentli trip of tlie scientific research vessel "Dmitriy Mendeleyev" in tlie Indian 
Ocean (1976) . Ihe measurement technique has been described in detail in [2] . It 
essentially consists of tlie following. A light pulse ^ « 530 nm witli auration at 
half-altitude tQ^g = 3 - 4 ns, and energy 3 mJ, divergence 20' was generated by a 
laser on an AIG witli Q-switched Na by an electro-c^tical DKDR valve and doubling of 
frecjuency in a nonlinear crystal LiNb 03 . The detector was ELU-FLOl wliicli operates 
in a logarithmic regime with snail signals. In a linear regime, tlie signal is 
recorded by photographing on tlie screen of a broad band oscillograph which has a 
transmission band of 100 MHz . When a 160 m cable is used the temporal resolution 
of tlie equipment as a vdiole is cliaracterized by duration of tlie original pulse of the 
system at level 0.5 cemprising 6 ns (tlie original pulse of tlie system is called the /176 
pulse recorded by tlie reception- recording equipmEint directly at tlie source outlet, 
without influence of the environment) . Ttie laser was placed on board the ship. In 
order to eliminate the iitfluenoe of the surface, tlie beam was introduced into tlie 
water through a periscope device. Uhe hermetically sealed detector was equipped 
witli a cosine collector wliich permits determination of the tenporal change in irra- 
diance jji tlie given point of tlie NIP according to the shape of the received signal. 

Doth tlie periscope device witli laser, and the detector were placed on an out- 
board, vertically-oriented cable photonx 2 tric bench vrtiicli made it possible to cliange 
distance 1 between tlie point of beam entrance into the water and tlie detector illtm- 
inator in tlie range 0 - 150 m. Hie rotation angle of the laser beam to the vertical 












rt and angle of inclination of tlie decoctor axis to the vertical p were established 
renotely* according to tlie measurement program. Tho measurement plan is siiown in 
Figure 1. Measurements were made in an optically u rin layer of ocean water with 
the following characteristics: t « 0.1''j ■» 0.7i<. 

Cluu>gc8 in a, p and 1 v<ere made simultaneously during tlie measurements witii pres- 
ervation of tl\e following ratios, a = p(axes of tlie beam and their detector are para- 
llel), 1 = z/oosa, where z is unclianged for one cycle of measurements, 'ilie mutual 
position and orientation of the source and tlie detector were thus changed so tJiat tiie 
detector-irradianoe gage seam to make a forward novement from die beam axis in a plane 
perpenciicular to die axis whicli was located at distance z from the point of beam ent- 
rance into die water (see Figure lb) . Measurenents were tiius made of the distribution 
of irradiance in planes perpendicular to tlie axis of die narrow beew, widi seven values 

of z from 25 to 100 m, widi spacing 12.5 m. The values of die angles u =P clianged 

discretely from 0° to 50° widi spacing 2.5°. 

The signal was very small at all levels widi u =P • 50°, dierefore it ray not be 

considered during superposition. Hie amplitude euxj shapes of die received signals ^ 

(t) \jero recorded. 

Hie measured values of ^emp^te die integral of sui^erposition. 

In this case, die ajipropriate weights and temporal shifts in die signals in relation 
to eacii odier were introduced. In order to compute die weights of tenporal siiifts, 
we will take into consideration that a broad pulse light beam wliicli entered die 
nedium with z = 0 can consist of a set of narrew beams. The number of narrow beams 

(/'X 

on a ring is prt^rtional to its area rtlr-- :\<m\ — ^ ; this is die weight one 

shculd use to form the experimental pulses ^ different components 

is determined the difference in the lengths of the path from the point of beam 

entrance into the water to the detector, and conprises, xn relation to the pulse 

1 ?^ 



Figure 1. r4easurement Plan 
Key: 
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b. equivalent measurement plan u^ed for superposition 


nU t) 

v^iicli arrived first, a quantity ^ 
index of water, and c is wind velocity, 
as follows : .. 



1) 


c ' vi^ere n is tlie refraction 
The superposition integral can be presented 
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where t is counted from its beginning for each received pulse. In light of the dis- 
crete measurements, the integral was replaced by the sum for the indicated value a. 

inr 



The calculated values of were taken in the middle of tlie measurement interveds 
indicated above. 

Figure 2 presents signals v^ich were mutiudly correlated in amplitude and temp* /178 
oral sliift, and adopted witli different a for one distance z « 100 m. They illustrate 
the obtained experimental material. Tlie itaxiraum value of the signal Pg.ioo adopted 
as 1. It is apparent that as the detector moves in the plane wiiich is perpendicular 
to the axj.s of the narrow beam, away from the axis, the pulses not only diminish in 
anplitude and are shifted on the time axis, but also become more diffuse in time. 



Figure 2. Signals Received with z = 100 m and Different a 
(a values indicated next to curves) 

Figure 3 presents the same pulses multiplied by weight, proportional to the area 
of the corresponding "ring." It is evident that despite the fact tliat the greatest 
value of the signal in Figure 2 corresponded to a = 0® , after consideration of the 
weights , tlie greatest contribution is made by the angle a = 10 - 17.5®. The curves 
presented in Figure 3 were graphically surnned. Tlie superposition pulse PioO^^) that 
was obtained as a result of sunmation eind vdnich was normed for "one , is designated 
by a solid line. The shape of Pxqo^^^ corresponds to the temporal course of irradiance 
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Figure 3. Measured Signals Multiplied 1;^ Oorresponding Wei^t 
and Shifted in Time. The solid curve is the result 
of their superposition. 

at level 100 m in a nonstationary field which is created by a broad light beam with 
the given sheqpe of the original inpulse and in the given ocean waters. 

The same processing was done for other distances of z. The P 2 (t) values which 
were normed for one in the nrudmum are presented in Figure 4. The pulses depicted in 
Figure 4 are not Green's functions, since the original pulse in the eiqperiment was 
tX)tioeably different fron the^ ■> pulse. In order to coipute Green's functions it is 
necessary; strictly speaking, to solve the Fredholm integral equation as described 
in [1] . however, in our case, taking into consideration the features of the e}q)ected / 179 
Green's functions, one can attenpt to use a siirple method of selection. 

In fact it is obvious that with duration of tie received pulse considerably 
exceeding the original, the shape of the received pulse coincides with Green's fiux:- 
tion with high accuracy. 

As the duration of the received pulse and its convergence to the original 

diminish, the difference in the received pulse from Green's function rises. We will 

use the method of selection vMch consists of the fact that the received pulse with /IBO 
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Figure 4. Rssulto of St^rposj.tion at Different L 
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different "ocHTpres!?ion coefficients" k, i.e., f)t(t) = P which is "ooropressed" along 
the time axis is used as a preferable shape of Green's function. Then the curves fjc(t) 
are convoluted with initial pulse in accordance with the integral: 

■> 

Hie obtained pulses Pj^(t) are corpared with the received pulse. It is shown in Figure 
5 that at level 100 m witl. conpression ooefficient k = 0.95, the shape of the oonputed 
pulse Po. 9 (t) is close to the received pulse, "flie width of both pulses at level 0.5 
coincides exactly. This operation of selection whicn requires sliort machine time, 
was carried out for all pulses presented in Figure 4. Hie table of the obtained 
values for ccrpression ooefficient k is presented belcw, while the appearance of 
Green's functions evaluated in this manner is presented in Figure 6. 
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Figure 5. C3on|>£irison of Received Pulse (solid line) with 
Results of Convolution of Proposed Functions 
Characterized by Different k (k values indi- 
cated on field of figure) . 



Figure 6. Green's Functions of Broad Beam at Different 
Distances of z 
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Iho indicated method of selection is simple and can apparently be used to /181 
process material of nuisa measurements of NLF in tiie sea, in order to evaluate the 
main parameters of Green's functions. A certain criterion for correctness of selec- 
tion is coincidence of the res<ilts of oonvolution of the selected and tiie original 
pulses with t i measured. Ihe area of applicability of the selection method and the 
accuracy of tiie results can be established only by cai|}aring with tlK2 accurate reso- 
lution of tlie Fredholm equation. Hiis will be tlje result of a special examination. 

Tlius, the Green's functions of the NLF created by a broad light beam v^^iich is 
a - inv)ul8e .’n time are conputod and presented in Figure 6. These functions have 
the physical meaning of tenporal relationship of irradiance of an area perpendicular 
to the direction of beam propagation. Itie widtlis of Green's functions according to 
tJie lialf-altitudo'^T q 5 ns are presented in the table. 
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Hie transition to sea media witli otlier values of absorption (i.e., otlier para- 
meb.'rs of photon A survival) can be made as indicated in (3] . 
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BQUIPfClfr AND TECHNIQUE FOR STUDYING SPREAD OF NDNOCHROMkTIC RADIATION IN SEA WATER 
ABRAMOV, O. I., YEREMIN, V. I., KARl£EN, G. G., LOBOV, L. I., PQLOVINNO, V. V. 

This 2 u:tlcle describes equipment with submersible source of monochromatic 
radiation. It desctlbes the tedmlque for studying the laws of propogatlon of UV- 
radlatlon In a soa and for studying attenuation of mcmochromBtlc radiation with 
wavelengths 0.53 and 0.35 gm by great masses of sea water. Results of full-scale 
studies In the Black Sea are presented. It Is shown that when UV-radlatlon spreads 
In sea water, consldereible transformation of UV-radlatlon occurs In the visible 
spectral region. A brief analysis Is made of the findings. 


Study of the laws governing the spread of monochromatic radiation through large 
masses of sea water Is an Infiortant task of hydro-optics emd Is of great ln|»rtance 
in solving applied problems. Tb conduct these studies from a ship In the open sea, 
the V. I. Lenin Electrical Engineering Institute developed equipment consisting of 
a submergible source of monochromatic radiation (SMR) , receiver and auxiliary units. 


The SMR is a unified design with a head of emitters (double laser with A-0.53 
gm and 0.35um) , power block, cooling block emd oomutation block (Figure 1). The 
structure la Inside a hermetically sealed box which maintains outer pressure of over 
50 atm. Quartz illuminators and rotating prisms are In the box end section to 
generate laser radiation. The head of emitters (Figure 2) consists of a bench hold- 
ing a laser in a ruby and a laser cxi glass with neodymiur. Both lasers cerate in 
a monopulse regime with doubling of the generation frequency on CPD crystals. There 
is a photoreceiver on the bench to receive the reference signal and to monitor the 
laser radiation and the color filters which intercept radiation of the main har- 
nonics (1.06 ni and 0.69 gm) and transmit radiation of the second harnoanics (res- 
pectively 0.53 gm and 0.35 gm) . 

All the optical-mechanical lasers to be adjusted are securely fastened to the 
bench. This excludes the need to use special adjustment mechanisms. This /183 

method of attachment significantly increases the service life and 
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Figure 1 . Blcx:k Diagram of SMR 
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Figure 2. Head of Emitters 
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reliability of tlie laser c^jeration under expedition conditions. Both lasers operate 
fran a connDn power block and us'S a ccmiDn cooling block. A oonwitation block is 
used to turn on the ruby or neodymium laser. 

For remote control and nmitoring of the operation, the SMR uses a special con- 
trol panel vtsich has an actuating circuit, monitoring device, circuit for regulating 

on -j 

W .j 




the radiation pcMcr, and circuit for oontrolling ttie oomnutation blocK 11%} oon~ 
trol panel is oonnected to bie SMR by a multiple-strand KSK- 6 cable or KSE*8 cable. 

Hie developed St4K can operate both under surface conditions (t.ie is located 
on board ) , and under water conditions (tlve SMR is lowered into tne water wit^i tlie Ab4 
nelp of a winch and cable) at depths to 500 m, with the following paraireters of tiie 
radiation pulses: tradcing frequency f = 0.1 - 1 Hz, X = 0.53 pm, = 0.2 - 1.4 Mffl, 

X = 0.35 un. Pi “ 0.1 • 1 MiV. Hie .uixiimm average consumed power is 500 W. 

The receiver consists of a plioto receiver - spectroanalyzer, pcwer blodc, control 
panel eind indication block. Ilie photo receiver (Fi.gure 3) uses an FEU-97 plioto multi- 
plier and optical attadiment with quartz lens eind di^hragm in a focal plane vdiich 
guarantees visual angle of the phcto receiver of 3.5''. 



Figure 3. Plan of Photo Receiver- Spectroanalyzer 
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It sliould be noted tliat experimental studies of the laws governing the spread 
of radiation of artificial sources tlirough large masses of sea water are associated 
with measurenents of optical signals wliich change daring the study in a large dynamic 
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range (up to 12 ocoers) . Ihis is a very lalx>t‘~lntenslvo f vak whidt requires a great 
deal of tisfa. Hiia is cxplaiiKxl by ti>o fact d»t tlKS attenuators « neutral lignt 
filters made of NS type glass usually used in tiicse studios liave hign nonuniforroity 
of tiyo spectral dviracteristics , especially in tlio short- 'wavelengtn region, 'ihis 
nakos it necessary to have labor-intensive oonversions. In addition, tiie lack of 
v^ary dense neutral filters also complicates tliese studies. 

In order to increase ti« efficiency and reliability of tlioso stuoies, tlU3 V. I. 
lonin All-Union Llectrical I-ligineoring Institute develc^xd and nuuiufactured neutral /1 BI> 
liglit filters witJi transmission coefficient 10“^, 10“2, etc., up to 10"^ witii non- 
uniform transmission txxjfficient in tire visible lavl UV regions (up to 0.3 iim) of no 
note tJran t20't. A aruns witlr tlu'se filters attadied in front of tire PM catlrode. 

In oitJer to guarantee tire ^xassible study of tire spectral oom«sition of radiation 
used by tire photoreceiver, a drun of drangoable colored light filters is usee. It 
is alscr installeti in front of tire PM caUiotie. 'Ihu color filters are conAairrations of 
series txrlorod glasses, 'lirese combinations werx* selected so tlrat tire total spectral 
draracteristics Irad tire narrowest possible transmission barrds, aira tire nwiximums were 
separated tire nost lurifonnly fran oadr otlrer anu corresponded to tire most important 
wavr'letrtjtirs in tJK? visible and UV rogioirs, including wavolcngtlrs of SMR radiatiar. 

A bixxrd-ba:ri.t pre-amplifier was installed in tire [lirotoroceiver. It cair be used 
witir low levels of tire signals, 'lire pi-o-anplifier was tunreci on renotely from tire 
ooirtrol parrel, wlrere, in addition, tiro main anplifier aird tire current control cir- 
cuit of tire PM gatiirg were also located. A tvoording oscillograph S8-7A was used 
ers tire indication block. Doporrdiirt] on tire selected regime, signals are fed directly 
to its inptrt witlr loading of tire PM or anplifiod by one or botlr anplifiers. 

lire I’M divider is powered witlr the help of a series source of tire type VS-23 . 

'Hro photorea'iver is oonirected to tire control parrel aird the pewer block by two 
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coaxial cables. Oi tbc 8tl» Black Sea trip of tlie scientific xescardi wcatlior ship 
"Viktor IVitjayev" tests were conducted on tliis sot of oquipnent, ana attenuation of 
nonochronotic radiation was studied witJ» ^ “ 0.53 im and \ => 0.35 um by large nasses 
of sea water. In addition, studios were node of tl>e spectral tronsfomiation of UV- 
radiation witli \<= 0.35 un duriiKj passage tluough differciit nasses of sea water. 

ihe location of ixjuipineiit on tlie sliip is presented in Figure 4. Hie control 
piinel of tlx' SMR, oscillograpli, power block and control panel of tlie pliotoreoeivor, 
as well as auxiliary ecjuipiuent were installed in tlie ship laboratory, llic i^ioto- 
receiver was attadiod to tJie bulwark on a special rotating device wliidi permitted 
Uie pliotorecToiver to be ained at any angle to tlie surface of tlie sea. Hie SMR can 
be Icwored into tlie water witli tlie help of ti windi and pulley on a ciible to deptli 
500 in. 



Figure 8. Arrangement of Ujuipnient On Board Siiip 

(key on next paeje] 


Figure 8. (k^) 
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During stu<^ of attenuation of nonochronatic raoiation of water masses, the a® 
is loMMsred to deptli ihc rotating prisms direct the laser radiation upwards. Tne 
neodymium laser with ^=0.53 ^ln Is turned on. The pltotoreceiver whicn is fastened 
to the bulwark is aimed at the region of emergence of the radiation of the submerged 
SMR from the water. Using drums, a color filter is installed with naxiitum trans- 
mission at X =0.53 and neutral filter vrtiich guarantees c^seration of tlie PM in a 
linear regime. The operator measures the amplitude of the received signals on tlie 
oscillograpli screen. 

The same operations are done when the ruby laser is turned on with \ = 0.35 um. 

Hien tile SMR is lowered to deptli H 2 and the indicated measurements are repeated. 

Dxves for tire dependence of the amplitude of received signals on tiie depth of SMR 
submersion ate plotted with regard for tlie coefficient of attenuation of tiie neutrcil 
filters. Figure 5 presents these curves, obtained in the Black Sea waters in tlie 
region of tlie Bosporus. 

In the study of the spectral transformation of the UV -radiation, the techrdque 
nainly remains the same. In this case, only tlie ruty laser with \ = 0.35 ^m operates 
in tlie SMR. Measurement of intensity of the radiation emerging from tlie water is done 
not only in tlie UV region of tlie spectrun, but also in the visible region by replacing 
the colored filters in tlie photo receiver. Specifically, in tliis case we used fil- /187 
ters with the following wavelengths of tlie transmission maximum: 

X =0.35 um, X = 0.42 um, X = 0.46 um, X = 0.5 um, X = 0.54 ur', with band width 
at level 0.5 about 15 - 35 rm. Measurements were also nade witliout color filters. 
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In this case the PM can record radiation in a broad spectral range > according to 
the spectral characteristics of the photocathode. Figure 6 presents dependences of 
the intensity of the spectral conponents of the radiation emerging fran tlie water on 
the depth of SMR submersion, obtained in the same waters. 



Figure 5. Dependence of Intensity of SMR Radiation Emerging 
from Water on Deptli of Submersion. 


Figure 7 presents a family of spectra of the radiation emerging from tae water 
at different depths of submersion of SMR. 

Attenuation curves (Figure 5) agree fairly well and supplement analogous data 
that we previously obtained using a submersible pliotoreceiver and a surface SMR with 
close parameters of the radiation pulses. The most interesting are tlie results of 
studying the spectral transformation of UV-radiation. This transformation is based 
on known phenomena of combination scattering and photoluminescence of sea water [1, 

2] , however the examined experimental data from the submersible SMR were obtained /]88 


20 ? 



Figure 6. Dependence of Intensity of Corponents in Spec- 
tnin of Radiation Emerging from the Sea and 
Depth of SMR Submersion = 0.35 nn) 


Key: 

1. 

witliout color filters 

4. 

0.5 

2. 

A = 0.35 un 

5. 

0.46 

3. 

0.54 

6 . 

0.42 


for the first time (we did not encounter information on similar works in the litera- 
ture) . Based on the curves presented in Figures 6 and 7 , one can draw a nuntoer of 
preliminary oonclusions. When UV-radiation spreads in tlie mass of sea water, consid- 
erable transformation of tlie UV radiation into the visible region occurs. Ihe trans- 
formed radiation during its further spread is attenuated in different sections of the 
spectrun in a different manner. Ihis is determined by the various spectral coeffic- 
ients of attenuation of sea water in these sections. Both of these processes occur 
continuously and simultaneously. Consequently, the spectrxm of tne radiation emer- 
ging frcm the water mass, generally depending on tlie set of paraneters and factors, 
is determined to a considerable measure the intensity of F^®^ [e><pansion unknown] 
and spectral trananission of sea water. 
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Figure 7. Spectrum of Radiation tluerging fron Water 
witli Different Deptlis of SMR Submersion 
( ^ = 0.35 im) 

It is quite understandable tliat similar discussions nake it possible to quali- 
tatively ejqplain tlie relationships in Figures 6 and 7 only in the first approxination . 
They do not take into consideration at all the possible nonlinear phenomena in the 
zone of high intensity of laser- UV-radiation , dange in hydro-optical properties of 
water with deptli, spatial diaracteristics of radiation, and a number of otier factors. 

On the other 1-jand it is clear that the obtained experimental data on tlie trans- 
formation of monochrcmatic UV-radiation dirring spread in tire mass of sea water bear 
a large volume of information on properties of water on the route of spread. For 
conv>lete processing of similcir data additional studies tte required and correction 




of the technique for conducting studies. It is evident, however, that these 
studies on the treuisfonnation of UV-radiation are of ijT|x>rteuice and cem enter the 
arsenal of modern methods and means of studying the World Oceeui. 

It should be noted that when spectral stuuies are made of light fields in tlie 
ocean fran artificial and natural sources, it is necessary to take into consideration 
possible spectral transforroaticn in a number of cases. 

Further improvement in the equipment must be aimed at inproving the resolution 
of the photoreceiver-spectroanalyzer, automation of the neasurement processes, stabi- 
lization of tlie spatial position of the SMR in the submerged state, and development 
of remote control over the mechanism for turning the rotating SMR prisms. Ais will 
significantly e^qsand the potentialities of the equipment and will make it possible to 
conduct studies of the spatial characteristics of the brightness body. 
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A oorrelation expressed by a linear regression equation in a do&ble 
logarithmic scale is found from 175 simultaneous maasurements of the color index 
and chlorophyll oonoentration in water samples taken on a ship. The analysis 
includes data obtained in the Atlantic Ocean and adjacent seu vAiich have a leurgo 
range of change in the chlorophyll concentration. Possible use of the results 
from measuring color index from the ship for a rapid evaluation of the biologi- 
cal productivity of the studied region is shown. 

Ncxioontact optical methods for determining the content or organic substances 
in the ocean have beeri developed in recent years. It was shown in [1] that tiye 
sea water color is influenced by the {hytoplankton pigments. The authors [2] 
measured the radiation spectrum ascending from the sea from an airplane. Spatial 
inclination of the ascending radiation showed a oorrelation with the ocxitent of 
pi oplankton pigments, whose concentration was measured from a ship on the same 
rout, as the airplane. 

The authors of [3] obtained a quantitative link between the ehloroi^yll con- 
tent a and the radiation t rightness emerging from the sea in two close spectral 
sections = 443 run and X 2 = 525 nm) . They found a linear correlation between 
the logarithm of chlorophyll oonoentration a and the difference between radiation 
intensities emerging from the sea at given wavelengths, water samples in vhich 
the chlorophyll content a was determined were taken from 0 to 10 m. 

Study [4J used a small amount of statistical material during snipboard mea- 
surements to obtain a linear relationship between average chlorophyll content 
a, b and c in the upper 30-meter water layer and the parameter a which is close 
to the ratio of spectral brightness coefficients of the sea with wavelength 
Xj^ = 430 nm and X 2 ® 502 nm at which measurements were made. 
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Publication [5] furtiier developed the idea of determining chloropnyll ocmtent 
in sea water by an optical method from a ship. By using a two-flux a[^roxiination 
and experimental data on ttie specific chlorophyll absorption and ooefficiento of 
absorption of clean sea water with \ ■ 462 nm and ^2 “ 537 nm, the autnors obtained 
a correlation between the chlorophyll content in the water and the ratio of the oo- /192 
efficients of diffuse reflection with these wavelengths. The coefficients of diffuse 
reflection, in turn, vrere conputed from experimental data by measuring the ratios of 
brightness of the sky with two wavelengths and brightness of the sea with the same 
wavelengths. Ihe total concentration of chlorophyll a, b and c in tlie sanples was 
determined by the standard method and averaged for the depth of the translucent layer. 

Ihe analysis included 18 measurements of chlorophyll content in the sanples and 62 
optical analyses. A correlation grsph was obtained which links the dilorophyll con- 
centration determined by twD methods. The maximum discrepancy' does not exceed 1.8- 
fold and is oonparable to tne spread of analyses of chloropnyll oonoentrations of 
different sanples taken at one station. 

The spectral distribution of brigntness of ligiit emerging from the sea was meas- 
ured in (61 using a monochronetor tlirough a vertical shaft in the bottom of tlie ship. 

It also recorded the spectrum of radiation falling on the sea surface. An analysis 
was made of the quotient frcm dividing tliese two spectral distributions, called the 
conditional coefficient of sea brightness. The authors of the publication found a 
link betw een tlie position of the second maximum of spectral distribution of tlie 

conditional coefficient of briglitness and the concentration of dilorophyll. However, 

% 

the correlation of relative depth of dip in the curve of this distribution at X = 

430 nm was higher. A ccnpeirison was made of the optical data with average total 
chloroph/11 content a, b, c, and fhec^ytixi for three levels (0, 10 and 25 m) . The 
results of 19 measurements were used to obtain a correlation coefficient of 0.88. 
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Ihe dilorof^ll concentration a and c was detennlned by the standard spectrophoto- 
metric method acxording to the technique presented in [8] . 

A special ejqeriment was conducted to verll^ the rate of water exchange in the 
shaft. A log 2 u:ichmic photometer'transparency meter was submerged into the shaft. 

Its readings were continuously recorded by a self -recorder. Hie water in the shaft 
was further clouded by pouring in a certain quantity of milk. It was established 
that in calm weather with ship velocity of 16 knots, water exchange in the shaft 
occurred in 30 - 40 minutes. Hiis was noted by restoration of die transparency meter 
readings. With wave action of 3 - 4 points, this > me was reduced to 10 - 15 minutes. 
O&nsequently, comparison of the color index widi die measured chlorc^hyll concentration 
should be done in a time interval of ~30 minutes before taking of the sanple. During 
this time die readings of die color index gage must be averaged. 

Parallel measurements of the cliloro|rfiyll content in the upper layer of the ocean 
and die color index were also made on the 15th cind 16th trips of the scientific 
researcii vessel "Akademlk Vemadskiy." The 175 joint measurements which were included 
in the analysis were made in the following regions : Black Sea (42 samples) , Medit- 

erranean Sea (37 sanples) , eastern part of the North Atlantic Ocean near the coast 
of Africa (61 sanples) , Sargasso Sea (23 samples) , central region of the tropical 
Atlantic Ocean (7 samples) , Caribbean Sea (5 samples) . The measurements covered 
regions with very lew (^0.1 mg x m"^) and high ( -10 mg x m"^) dilorophyll concen- 
trations. Hie analysis did not include measurements made in shallow water near the 
coastline and in regions of river run-off, since in these cases, die presence of a 
considerable quantity of terrigenous particles made distortions in the quantity of 


the color index. 


Tho ncMurancnt results are presented In Figures 1 and 2. Figure 1 sIkms the 
dependence of the dilorophyll concentration a on tiie quantity of the oolor index, 
vAiile Figure 2 slxxi^s ti\e same dependence for total dilorophyll concentration in c. 
Hie data are plotted on the graph in a double logarithmic scale. 
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Figure 1. Ratio Between Concentration of 
Chlorophyll a in Upper Layer of 
Sea and Color Index 



Figure 2. Ratio Between Total Concen- 
tration of Chlorophylls a and 
c in Upper Layer of Sea and 
Color Index 


Ooefficionts of linear correlation were oonfiuted for both distributions. Ohey 
wore csqual to 0.86 (- 0.04) and 0.83 (” 0.05) respectively. The 95% confidence 
Intervals arc shown In parentliescs. 

Itie regression equations whldi provide an estimate of the average concentration / 194 
of chlorophyll wltii the assigned quantity of tlic color livicx look like 

^ (ir,;i f 0.71 ij-y. 

I|/ ( n ■=; 0 21 fO 'k) i>» y. 

vrtiere and c^c — concentration of diloroE^yll a and the sum of a and c respectively, 
expressed in rog x m”^, Jj, — color index in dinenslonless units. During graduation of 
the color index gage, tlie color Index of the screen nade of a white siieet of Whatman 
drawing paper illuminated by the sun and scattered light of tiie sky on a cloudless 
day was taken as one. The instrument was graduated in hours, close to noon. Tlie 
creen was located at an angle close to 90® in relation to the incident solar light. 

In the figures, tlie dotted line shows lines whicii designate tlie sanpling stan- 
dard deviation of tlie measured values of chlorophyll oonoentration from the pre- / 195 
dieted, whicli is determined in each case by tlie corresponding regression eejuation. 

Hie nature of spread of the points or the graphs is such that under tlie nost 
unfavorable conditions, concentrations of chlorophyll vdiich relate to each other as 
1:6 for chloropiiyll a and 1:10 for tlie sum of ciilorophylls can correspond to the 
same s^alae of tlie color index. On the boundary of the sanpling standaru deviation, 
tiiis ratio is 1:1.8 to one side of tlie regression line, i.e., in 70% of the cases, 
the measurx 2 d clilorcphyll concentration oiffers from the predicted given by the 
regression equation, by not more than 1.8- fold. One can name several reasons for 
tlie fspread of points on the x-axis. First of all, tlie measurements of chlorof^iyll 
oonf^entration were only made in the most upper layer of the sea, wliile the effective 
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thickness of tlic water front which the light is collected and is recorded by the 
instrjmcnt^ is 23 - 30 nt acoor^ing to the estimates of publication [4] for cle 2 in 
ocean water. In more turbid water, this thickness diminishes. Seoondly, the 
water in addition to phytopleutkton has pirticles of another type, detritis, mineral 
suspension, whidt dtange the color index, by distorting information regarding tlte 
dilorctJhy 11 . Ihirdly there are metliod errors in determining the ooncentration of 
phytoplankton pigments. In our opinion, the oontributicm bo spread of points for 
this reason is not definitive, since error in determining tlie ooncentration of pig- 
nents by the spec trophotone trie method is ~10% with concentrations of pigments up 
to 10 mg X m"3 and increases to 20% witli ooncentrations less than 3 mg x m“^ [9] . 

Spread of points of the same order was obtained in publication [10] . It pre- 
sents tlie experimental result of simultaneous analysis of tlie ratio of coefficients 
of diffuse reflection with two wavelengths - 430 nm and ^^2 “ 560 m, and total 
concentration of chlorophyll a and phec^hytin a. The authors of publication [10] 
present a theoretical calculation which agrees witli tJie spread of points obtained 
in the experiment. In tliis case th^ indicate that in addition to selective absorp- 
tion by phytoplankton pigments, the ratio of coefficients of diffuse reflection can 
be significantly influenced by parameters of back-scattering of the marine suspen- 
sion. 


In sumnarizing, one can stress that extensive statistical material was used to 
obtain a correlation between the chlorc^iyll content in the upper sea level and the 
color index. In estimating the chlorophyll concentration fron tl>e quantity of the 
color index in 70% of the cases, it does not differ by more than 1.8-fold frem tiie 
predicted provided by the corresponding regression equation obtained from e>¥>eri- 
mental data. The suggested method was verified in different regions of the ocean 
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which strongly differ in level of trophlcity, and can be used as a fast method for 
estimating the biological productivity of regions during notion of a ship. 

In conclusion, the authors are grateful to V. A. Basharin and V. N. Voskresen- /196 
skiy for help in the vork. 
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EMUUIATION OF CHLOROFlimi OONCEtniATlON IN IHE SEfV BY TOE SPBCTOUN OF 
OUTOOING RADIATION FOR WATORS WITO HIC» OOmOfT OP DISSQLWD ORGANIC 
MATTOR. V. I. BURENKOV, A. P. \0\SIL'KOV, B. F. KEL'BALIKHANOV and 

L. A. STOFANTSEV 

A technique is suggested for evaluating chlorc^yll content from the spec- 
tral relationship of the bri^tness coefficient for productive waters with a 
hi^ content of dissolved organic substance. This technique ccmsiders absorp- 
tion by the substance to the red spectral region. It is shown that the 
radiation spectra from the sea can be confidently used to separate the low- 
and highlyproductive regions. 


Study [1] has suggested a irethod for evaluating the chlorophyll content in 
sea water by the outgoing radiation spectrum. Chlorophyll content based cxi this 
netlod is proportional to the so-called "chloroEhyll dip” in the spectrum of the 
sea brightness coefficient p(X) . For waters with a high quantity of dissolved /197 

organic matter, the chlorophyll absorption band is masked by Intensive absorption 
of dissolved organic matter and the "chlorophyll dip" can be altogether missing, 
despite the large chlorophyll content. [2] has developed a technique for evaluat- 
ing chlorc^yll concentration from the spectrum p(X) vihich is suitable for rela- 
tively clean ocean waters. This work, based on material from the Black Sea e>q}e- 
dition of the Oceanography Institute c : the USSR Academy of Sciences in 1978, sug- 
gests a technique for evaluating the chlorc^yll content by the spectrum p(X) for 
productive waters with a high content of dissolved organic matter. Measurements of 
the spectral brightness coefficient of the sea and vertical attenuation index were 
nede from onboard the ship in the Gulf of Odessa in July 1978. 


The gage for spectral bri^tness coefficient of the sea is a spectrophoto- 
meter to measure the spectral density of radiation briefness emerging from the 
sea B , spectral density of sky brightness at the zenith B„, and spectral radiation 

m n 

of the sea surface E^ in the spectral range 400-700 nm with resolution 2.5 nm. 

The sea brightness coefficient is ej^ressed by the formula 
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Here n is the refraction index of light by water, R - 0.02 — is the Fresnel 
coefficient of light reflection with normal incidence, Tx~~traneBnission coefficient 
by the interface air-water of the diurnal light flux, T 2 '~*transini 8 sion coefficient 
of the interface water-air of light diffusely reflected the sea mass at the zenith. 


Figure 1 presents typical spectra for the brightness coefficient of the sea for 
the Gulf of Odessa, and also for ccnparison presents spectral relationships of tlie 
coefficient of brightness obtained in July 1978 in tlie regions of Kerch' and the 
southern coast of tlie Crimaa. It is directly c^)parent tliat the spectra significantly 
differ from each other: the maximum P(^) is shifted from 480 - 490 run for water near 
the southern coast of tlie Crimea to 570 nm for waters of the Gulf of Odessa. This 
change vas also noted well visuallv: the color of the sea changed from blue to 

yellow-brown in the Gulf of Odessa. Shift in the maximum p(X) towards large X is also 
accompanied by a significant decrease in the values p ( X) in the short wavelength re- 
gion of the spectrum. 


' [wAJ 



Figure 1. Spectral Dependence of Bright- 
ness Coefficient p(X):l.for 
measurements in region of the 
southern shore of Crimea; 2. 
in region of Kerchenskiy Strait 
5,4. region of tlie Gulf of 
O^ssa 
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Far the ^lectra of p i^) meaauted In the Gulf of Odessa, the "chloropt^ll dip** 
was only recorded in the region A~440 nm in Individual cases. Ihe atsenoe (in the /196 
limits of experinmtal error) of a "chloropliyll dip" in the najority of measured 
spectra apparently can be explained by the excessively high absorption of dissolved 
organic matter. On its baclogrcund, absorption of dilorophyll and pigments is in the 
limits of experimental error. In fact, the simultaneous measurenents of the index 
of vertical attenuation a (A) sliowed that water in the Gulf of Odessa is duuracttsrized 
by extremely liigh values of the absorption index x(i)— Figure 2 (absorption index is 
detemined according to a by the formula ^ > 0.8o) . Such large values of **(A) are 
not only associated with liigh bioproductivity of the waters, but also the efflux of 
yellow substance from the rivers (Southern Bug, Dniepr) , washing of yellow substance 
from the shores and sludge (the depth of the Gulf of Odessa does not exceed 20 - 25 m) . 

The spectral curve Xg(x) for absorption of substance oontained in the sea water is 
approximated well by tlie relationship 

Ki(A)a=Xi(440)e (2) 

with coefficient y = 0.0145 nm”^ close to the value y - 0.015 nm“-^ presented in Yerlov 
[3]. 


In order to link the brightness coefficient with the primary hydrio-qatical / 199 
characteristics, we will use a formula obtained in [4] 

l.(A)== (3) 

:?x(A) 

vdiere 02 ^gQ(A)— value of the scattering index for 180®. Based on formula (3) , an 
estimate was made of the spectral relationship of oj^go(A) according to the measured 
relationsliips “(A) and p(A) . These calculations shewed that esseitially for all 
measured spectra p(A) in limits of the eaqperimental error, does not depend 

on A — Figure 3. For conparison. Figure 3 presents the relationship oieg(A) 
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suggested in [2] . It oorresponds to badc-scattering by prijnarily small peurticles. 

This is generally fulfilled for the open ocean. Near shores and in tlie presence of 
river debris, the content of large suspended matter can be significantly higher. It 
apparently plays a decisive role in back-scattering. The findings confirm tliese con- 
siderations, since large particles scatter light nonselectively. 

On the assumption of vge have from (3) 

(m'A) (4) 

Figure 4 conpares the measured spectral relationship P ) and that calculated /20I 
by (4) based on the experimentally obtained curve ^ (^ } . The curves in Figure 4 are 
superposed dt X = 570 nm. This is the wavelength vdiich corresponds to the maximum 
measured spectrun P (A) . As is apparent from tiie figure, the curves coincide with 
good accuracy. 



Figure 4. Dependences of brightness Coeffic- 
ient p (a) : 1. measured in region 

of Gulf of Odessa; 2. curve P (A)'" 

X (A)-l 
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Hiu8, the waters of the Gulf of Odessa are characterized by excessively large 
values of absorption by substance which is contained in tlie sea waters emd nonselec- 
tivity of back-scattering. Ihese eaqperijnental facts and the oorrelation between the 
chlorophyll concentration and the value ) r * 450 • 470 m) front publication 
[5] were tlie basis for the suggested tedinique. it follows from (4) ( 450 - 470 

nro in the further presentatlun) 

f»( 600 ) !<..(>.) 

(.(M X.(e00)-f x.(6(M)) (5) 

where »*•— absorption index of clean water. In (5) witli ^ * 450 - 470 nm, absorption 
by clean water is ignored/ and it is a distinctive feature of the technique that 
absorption by substance is taken into consideration all the way to X « 600 im. Assu- 
ming in accordance with (2) tliat **b( 600) « , we have from (5) 

( 6 ) 

*, (X) » X, (600) I? (X)/,3 (600) - e- t 

By having the values of ) from (6 ) , and by using tlie oorrelation relation- , 
ship from (5 ) , the chlorophyll oonoentrations were oomputed from the measured spectra 
of the brightness coefficient. Table 1 presents the calculated and measured chloro- 
phyll oonoentrations c^ in different regions of the Gulf of Odessa, as well as the 
measured values of p( '0 used to restore the values ) . We not® that tlie calcu- 
lated values of c^^-^ somevi4iat changed depending on the reference point wavelength X 
in (6) . The values in Table 1 were averaged fur three reference wavelengths Xs 450 , 
460, and 470 nm. 

Ihe findings do not make it possible to ooirectly evaluate the accuracy of deter- 
mining by spectra p (X ) , although in individual cases the coincidence of tlie meas- 
ured and calculated c^h is good. ( Vte note that tlie accuracy of the calculation is 
apparently determined to a considerable degree by the oorrelation relationship [5] 
obtained under different conditions) . Nevertheless, the measurements make it possible 
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TAB 1 £ 1. VALUES GF BRIGifrNESS CQCFFICIQ4T p(X) hCASUBED IN DUFEBEUT REX3I0NS OF 
THE GUIP OF COESSk, AND CORRESPONDING VALUES OF MEASURED AND CMJOJUOSD 
CHLOICPHYLL OONCENFRATIONS IN mg/m3 


Nundser 

Time 

Concenr 
tration 
of chlor - 
1 ophyll' 

Concen- 
tration 
of Chlor- 
ophyll 
- Calcula 

i.t 

> 

1 

1 a- 

420 

4-10 

460 

480 

.300 

320 

:> i 0 


Ti 80 

000 

620 

11.7.78 

1600-17.00 

Measured ' 

0,')2 


1, C 4) 

1,02 

1.01 

1.21 

1. 13 

1,62 

l.S-‘ 

I.'.'S 

2.01 

1 

! 

1.62 

1,28 

12.7.78 

1.1.00-14.00 

O.M> 



U ,2 t ) 

0,32 

0,12 

0,70 

0,8.3 

0,93 

l.tvi 

I.Os 


0,01 

0.29 

12.7.78 

14.30-15.00 

0,76 

i)M 


0.23 

0.27 

0,44 

0,59 

0,70 

0.87 

1.03 

1,2.1 

1,10 

oi : i 7 

0 „'ll 

12.7.78 

16 30-17.00 

1,73 

1.8 


0,12 

0,49 

0,70 

1.0 

1.21 

1,3.3 

I.W 

1,63 

1,07 

1,32 

1.00 

16.7.78 

16 00-16.30 

1,76 

2.0 


0,30 

0, f)l 

0,34 

1,07 

1,40 

i 

1,r>5 

1,7.1 

2.12 

2,27 

1, hS 

1.17 


to state tliat this region refers to tlie highly productive. Thus, studies made in 
recent years have sliown that the spectra of radiation emerging from the sea can be 
confidently used to separate low-and high-productive regions [1, 2, 6] . It is fur- 
ther e}<pedient to establish gradations in water productivity vhich could be reli- 
ably separated ty measurements of p ( a) • 

BIBLIOGRAPHY /203 

1. Pelevin, V. N. "Evaluation of Concentrations of Suspended Matter and Chloro- 
phyll in tlie Sea by Spectrum of Outgoing Radiation Measured from a Helicc^>ter," 
OKeanoloqiva. vol 18, No 3, 1978. 

2. Burenkov, V. I.; Gurevich, I. Ya.; Kopelevich, O. V. > and Shifrin, K. S. "Bright- 
ness Spectra of Outgoing Radiation and Their Change with Observation Altitude," 
Qpticheskive metodv izudieniva okeanov i vnutrennikh yodovemov ("Optical Methods 
of Studying Oceans and Internal Reservoirs ^'!l , Novosibirsk, 1978. 

3. Yerlov, N. Ctoticheskava okeanografiva ["Optical Oceanography"], Moscow, Mir, 1970. 

4. Golubitskiy, B. M. ; Levin, I. M.; and Tantashev, M. V. "Brightness Coefficient 
of Semi-Infinite Layer of Sea Water," Izy. SSSR. FAQ. No 11, 1974. 


226 


5. Kopelevlchi 0. V.; and Burenkov, V. I. "Link BetMoen ^>ectral Values of Indices 
of Absorption of Li^t by Sea Water, Pigments of ^ytoplankton and YelkM Sub- 
stance," Okeanolociva* wl 17, No 3, 1977. 

6. Bekasova, 0. B.; Kopelevich, O. V., and Sud'bin, A. I. "Determination of Optical 
Properties of Sea Waster, Content of Chlorophyll and Su^)ended Nattier in Surface 
Layer of Ocean by S^iectral Values of Brightness of Ascending Radiation," nteeanpioaiva 
vol 19, No 2, 1979. 


AIICRAFT REICORDING PhCXTOMraER OF SEA SURFACE BRIGHTNESS. 
YEFIMEMKO, I. D. NCVIKCV, V. S. PELEVIN, V. N. 


An aircraft recorcting pix>ton>eter of sea surface brightness in FAR-1 anu FAR*2 
nodifications is described. Hie first modification makes it possible to record dis- 
tribution over tiie sea siurface of the brightxiess coefficient p at X « const with fre- 
quency to 100 hz. This oorresponos to resolution on the surface on tae order of a 
few neters. 

The second mooification records tae ratio pX^/pX 2 with t.ie same frequency. Tae 
instrument permits long-range evaluation of concentraticni of suspended matter and 
chloropayll in tlie surface layers of the sea, anct also detemination of tiie ^tical 
water index. 


It is indicated in [1] tliat measurements of tiie brightness coefficient of tae sea 
px in tiie short wavelengta region of tae spectnm, or tiie ratio of the brigtitness 
coefficients of tae sea in two spectral regions can be used to determine tae opticeil 
index of Lie water type. It, in turn, makes it possible to obtain information about 
tiie cliaracteristi.es of light attenuation in tiiese waters. 

A number of publications [2 - 5] have focused attention on the fact tliat tlie 
ratio of coefficients px in two spectral regions can be used to evaluate tiie chloro- 
piiyll concentration in the ii^^ier layer of sea water. It is noted in [6] tiiat in tlie 
coastal zone of tlie sea above tae shelf, the px values at x %600 nm are proportional 
to the concentration nsus of suspended substance in the interval nsus frorn U to 8 - 9 
mg/l. 


Hiis far from oonplete list of tie potentialities for lc»ig-range spectrcxietry 

results in the need to construct a piiotcweter wliiai records pX or tae pX i/px l ratio 
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in current tijne, vdtixxit subseciuent numerical processing of tlie measurenent data. 

*4lii8 requires equipikient division of two sign 2 ds Into each other. 

Hie use of a {4x>toneter on an airplane or helioqpter stipulates fairly liiqh 
fast-response, the possibility of recording a signed with frequent of several tens 
of hex±zes. 

Ihis article describes tvro modifications of a developed photcmeter (aircraft 
recording) designated belcw as l'AR*-l and FAR-2. These nndifications are respectively 
designed to record pA with fixed wavelengtli A and pA^^/pAj^ ratio for two previously 
selected sections of tiie spectra, witli frequency of tne meterings to luo hz. In 
order to guarantee tliis fast‘*response, botn photometers use two ptiotonultipliers each 
with identical cliaracteristics and a system of automatic signal cdvision Into each other 
with recording of information on negnetic tape, and parallel, for visual control of 
measurements on board tne carrier, on a pen self-reooxxler. 

The course of the FAR-1 rays . is shewn in the plan of Figure 1, and tlie extemeil 
^^arance in Figure 2. TVro optical systems nede as identical as possible are placed 
in a tube 500 mm long and CO mm in diameter. One of tlie lenses 2 (left in Figure 1) 
is aimed downwards for observation of the sea brightness at the naoir, the second 2' 
is aimea at a plate made of frosted glass horizontally arranged and illuminated by 
the light of tlie sun and the s)y. Lenses (2 and 2*) , interference ll^t filters 
(3 and 3') and photo detectors FEU-62 (4 and 4') of both channels are ioentical in 
cliaracteristics. Since tiieze are no two oonpletely identical piiotcmultipliers , their 
characteristics are converged by balancing tne voltage on botli dividers. 

A wliite frosted plate b is graduated in relation to the wnite Lambert reflector, 
so that the actual rigiit channel yields a signal vhidi is proportional to bri^it- 
ness of the latter v^le the left channel provides a signed Ux v^ch is prc^xirtioncd 
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ORtQINAL PAGE It 
OF POOP QUALflY 



Figure 1. Plan of Course of beans in FAR-1 


Key: 

1. iiousing in gintal mount 4,4'. 
2,2*. lenses 5 . 

3,3'. iiiterfexenoe lignt filters 6,6'. 

7.7'. 


FEU-02 

plate made of 
diaphragne of 
diapnragns of 


frosted gleiss 
visual field 
liglit foroe 



Figure 2. External Appe^u^^Uloe of FAR-1- - 

sensor, recorder block and power 
block 


to brightness of tlte sea at the nadir fi^. bota photofluxes are intensified by a /20!> 
pteanvlifier anu cue fed to tJie signal divider (Figure 3) . It is oonstructed 
according to a plcin for transfomation of one of toe signals to txie frequency of 
pulse tracking, wivile the other — to tlie duration of t>iese ijipulses witn subsequent 
sepauration of the constant oonponent of a mnber of pulses with the lielp of low 
frequency filter (IFF) . 
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Hie xesulting signtil which Is proportional to tha Vy/V^ ratio ia intanaified 
in pcMer and fed to the pen of the aelf‘*reoordar th 384-1. ihe self-recorder is 
made so that it guarantees raovemuit of paper with velocity to 1 n^nin. Both modu- 
lated signals are recorded in parallel on a two-track cassette tape recorder. 

Witli this plan of measurements, we are actu 2 dly recording the bri^tness ratio 
of tlie sea B to the brightness of the white plate Bq, vdiile pA should be computed 
according to fomula [6] : 

/<> 1 - 0.02 

( 1 ) 


/u 

where ‘-brightness of the sky at the zenitii. Ihe error vdiich develops vhen the 
term 0.02 Sf*. is ignored, depends on A emd the weather conditions, and according to 
our measurement data over the Bedtic Sea, it is the quantity given in lable 1. 

It is af^jarent from tlie table that in tlie long wavelength region of the spectrum / 207 
at A 5^ 560 nra, the brightness of reflection of the sky by the water-air boundary in 
clear sunny weather can be ignored, assuming in tlds case an error tnat does not 
exceed 10% (for turbid waters of tlie Baltic Sea) . In overcast weatner, this error 
increases (see table) . 

With msasuremsnts of pA in a shorter wavelength region, one should continually 
take into consideration tlie oontribution of tiie term 0.02 For this purpose it 

is necessary to periodically remove tlie frosted glass and oonducrt a simultaneous 
recording of brigntness of the sea and the sky. Hie plan for the course of rays in 
the pliDtcneter of FAR- 2 modification is similar to that shown in Figure 1, but in 
this case, botii brightness meters are aimed downwards (see external e^pearance of 
FAR-2 in Figure 4) . Hie instrument is based on series 'produced field binoculars 
which make it possible to aim botli lenses at tne same section of tne surface. Both 
char^ls differ only in wavelength of transmission Aj^ and A 2 of changeable interference 
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Figure 3. Blcxdc Diagram of Divider of Signals and Recorders 
Key: 

1. FM-"x” — frequency modulator of channel ”x'’ 

2 . PF^ — pulse former 

3. LFF — lew frequency filter 

4. PA — power 2 nplifier 

0 . EM-"y" — frequency modulator of channel "y" 

6 . P — preanplifler 

7. ARR* -anpllf ier of reproduction reoording 

8. ITA~-low frequency anpllfier 

9. + Tg — triggers 


light filters installed at the inlet. 

The systems of balancing the PM sensitivity, division of two signals and /208 
reoording are the same as in -1. both instrument modifications were gir.toal- 
mounted outside the cabin die lielicopter. Ihis made it possible to plxstcmeter 
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th» Ma strictly at tlw nadir regardless of the angles of heeling and pitching of the 
helicopter. 



Figure 4. E^ctemal Appearance of FAR>2, 
Optical Sensor, Recorder Slodc 
and Power Llock 


QsdoL q£ gaAAliflUfiq tiis 




Photometer. 


Graduation of the FAR-1 


uses a portable "optical bench" ISO cm long and shown in Figure 5. IVo reflecting 


mirrors are installed on tlie ends of the bench, while a photometric lamp PZh type 
is installed in tlie center on a rod 75 cm long. 


The optical FAR-1 block is installed in the middle uf tlie bench. Frosted glasses 
are put on both lenses. A lamp is turned on, and mirrors direct the lignt to both 
cdiannels of tne instrument so that the light spot oonpletely covers the frosted 
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^ a ■ A ■ MM# 


attachment. By balan c i n g the voltage on botn FM througn potenticmetere, one should 
attain siiriilar readings In both channels (l.e.» at tlvi outlet of the Instrument sig- 
nal UxA^ ■ 1) • By reducing voltage on the plv>tometric lenp, one snould reacii 
equadity of the readings in both photcmultipliers in broad limits of illumination 
at the inlets. 



Figure 5. External Appfiaranoe of Graduated Dench for FAR-1 


During calibrat.^on of FAR-2, it;s optical sensor is earned at a uniformly ilium- 
inated surface, since the visual fields of both FAR-2 channels coincide. After 
initially installing similar light filters on botli channels, the same reexlings are 
achieved with different level of illixnination of tiie shield. Then tvo workirig light 
filters are installed, and with illuninatlon of thewhite shield by solar light, 
equality of both signals is again established. Now the instrvnnent readings during 
flignt over the sea will equal tlie pA j|^/px 2 ratio with error that is mainly cieteimined 
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by lack of conaideration for nvLrror reflection of the color of tlie aky by tl» aur- 
face. The quantity of thia error can be eatimtea with tlie help of the table pre- 
sented below. 

Tlie design of the instruments is shown in Figures 2 and 4. Hie weight of the 
optical blocks is not more than 1 kg each. Hie autcmomous power block (oonipletely 
independent of tlie on-board circuit) with batteries weighs 5 kg. Hie overall dimen- 
sions are 400 X 100 X 150 inn. Hie electronic circuit of the recorder, tlie tape 
recorder and tlie system for recording tlie operator's voice are mounted on tlie body 
of the self-reooroer N-384-1, and are located inside its housing. Tlie weight of this 
recording block is 4 kg and the overall dimensions are 200 x 150 x 280. 

MAIN SPECIFICATia'lS 

1. Range of signal clicinge Cjj~40 ob. 

2. Range of signal change Cy — 30 db. 

3. Error in tlie recording channel no more tlian 0.5%. 

4. Range of recording frequency 0 - 100 Hz, i.e., spatial resolution during 
flight of airplane at velocity 1000 kg-nv'h — 3 meters. 

An example of realization of instnment readings during testing over the sea 
is given in Figure 6. 
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Figure 6. Exait|>le of Re 2 dlzatlon Obtialrndd by 
FARrl Photoneter. Hife photoneter 
is Installed on tlie prow of the ship 
follcwing from the depth of tlie 
Gelendzhik Gulf (first bank) to exit 
from tlie gulf into tlie open sea (third 
bank) . Interferences caused by foam 
on the surface are visible. 
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FOSSIBI£ EVAXJJAnOK OF HIE DZSHOEUTION CF miCM 
SUBSTANCE IN SEA VATER FROM THE SPECIIA OF OTTOaiNG 
RADIATION. PEmON« V. N, GPUZEVia., A. K., AND 

LOKK, YA. F. 


The authors <xn{>ared the values for the ratio of bri^tness coefficient of the 
sea pA at A « 369 nm and A » 590 ran and the concentration of “yellow substance" in 
the sea, expresaed in optical units. Hie distribution of this ratio for tlie water 
area of the Gulf of Riga is oonstructed from the meamirement data from a helicopter 
on 18 and 19 September 1977. 

Hie Baltic suniner expedition of 1977, as well as the 1975 - 1976 expeditions 
[1 -* 3] made simultaneous measurements of the spectra of radiation emerging from the 
sea and the ocxicentrations of chlorc^yll, suspended matter and light^^absorbing dis- 
solved substances of organic origin (“yellow substance") contained in the water samples. 
This work presents data vhich evaluate the possible determination of tlie quantity of 
“yellow substance" in the water from values of tlie brightness coefficient of tiie sea 


pA. 


It is oonroon knowledge tJiat tlie spectral course of pA in a two-stream approxi 
mation is de .ribed by the formula [4, 5, et al.] : 


v\here 3A — back-scattering index, xA — index of absorption of light by the medium. The 
absorption index of light by sea water in the visible and ultraviolet spectral re- /^1 
gions can be presented in the form of the sum of the following oonponents [3] : 

( 2 ) 

X=x + X J +x + X 

c pigfn ys non 

vhere — index of absorption by clean water, >^igm~“by pigments of jhytoplankton, 

>ys"“by yellow substance, — particles of suspension vihich nonselectively absorb 

light . 


We will examine the spectral course of tne absorption indicators of light by 
clean water, by phytc^lankton pigments and by substances of organic origin dissolved 
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in water (Figure 1) . It is e^jpaient from the figure that absorption of light by 
yellow substeuioe in the short wavelength region of tlie spectnm exceeds absorption 
by other conponents. In turn* it follows from (1) that large oonoentrations of 
yellow substance must result in a decrease in vedues of pX in the blue and neeu: 
ultraviolet regions of the ^ctrum. 



Figure 1. Typical Spectral Course of Absorption Indicator 
of Light of "Yellow Substance" (1) , Phytoplankton 
Pigments (2) and Clean Water (3) . 

Ikxi/ever, in many cases an increase in concentration of yellow substance in sea /212 
water occurs simultaruKDusly with an increase in the concentration of suspended nat- 
ter. As a consequence (iA rises. The rise in 3X in formula (1) ccnpensates for the 
increase in ^X , and as a result, the oorrelau'jon p X with concentration of yellow 
substance may not be observed. At the same time, an increase in 3Xwith a rise in 
concentration of suspended matter occurs over the entire spectzrum. This makes it 
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very useful to examine the o'K-^/ft\2 ^tio for two separate sections of tiie spectnm. 
Ohis ratio d^iends to a considerably lower degree on the change in tlte su^>ended 
matter concentration. In this casei 8ix>uld be selected in the short wavelength 
region of the spectn.mi where absorption of light by yellow substance dominates over 
other conf»nent8, while the longer wavelength region vhere absorption by dis- 

solved organic matter is insignificant. In addition, eifter using thepX 2 ./t>X 2 ratio, 
one can significantly decrease the dependence of this photcmetered quantity on the 
phytoplankton pigments. For this purpose, should be selected in the neeu: ultra- 
violet region, while X 2 in the yellow. Then the blue-green band of absorption of 
chlorophylls and acconpanying pigments of phytoplankton will mainly be located between 
these spectral sections. 

In tlie analysis of the ^qperimsntal data we used the results of {:hotometering of 
the water area of the Gulf of Riga fron a KA-26 heliccpter on 18 and 19 September 1977. 
Photcmetering was done in eight spectral sections Xj^ = 369, 386, 426, 458, 556, 590, 

664 and 690 nm with width of the spectral interval AX slO - 15 nm. At tne same time, 
water sairples were taken in certain points of the gulf fnxn the surface for labora- 
tory analysis of the content of suspended matter, dilorophyll and yellow substance. 

The photometering data were used tc compute the pX values according to the formula [5] : 

„ — — 0.02fl'X (3) 

px = -i t* 

vhere — brightness of the sea observed at the nadir, 3,,^^ — brightness of the sky at 

the zenitli, —brightness of tiie horizontal light scatterer illuminated by the sun 
and light of the slq^. 

It should be noted, tnat according to our measurements from a low-flying heli- 
copter, the contribution of light of the sl^, mirror-reflected by the water-air boun- 
dary, in tlie near UV-spectral region is very significant. For a cloudless sky it is 

50 - 70% of tiie observed brigntness of the sea. Because of this circumstance, changes 
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in brightness of the sea in the blue and near ultraviolet regions nust be maoo with 
special caution, while calculations of pX are acconpanled by mandatory consideration 
of Fresnel's correction in formula (3) . 

*nie content of yellow substance in tlie sem^les was evaluated according to the 
technique described in [6] . As a par 2 meter chcuracterizing the oonoentration of dls- / 
solved substances of organic origin, the indicator of absorption by yellow substance 
was selected at short wavelengtli boundary of the spectral region of pliotometerlng at 
X = 369 nm, i.e., ^ys 369 . Uie ^yg 369 values were ocnputed from measurement results 
of optical density of evaporated water sairples on the "Spekord" spectrophotometer. 

A total of 25 sanples were taken. It was found that over the water area of the 
Gulf of Riga, the ’^yg 369 values vary in limits from 1.0 to 3.5 m”l (with natural base), 
while for tlie Daugava and Pyamu Rivers it is 2.8 - 14.0 m“^. 

Preliminary examination of the measuirement results confirmed that the absolute 
values of correlate with the concentration of yellow substance ^ys369 

the corresponding sarples. Ws therefore further relied on the ratio ^369/^590' wh©*^ 
the wavelengths 369 nm and 590 nm were selected according to the considerations pre- 
sented above. In this case one can expect that at least in limits of the restricted 
water area, the P 369 /P 590 s^id ^yg 369 values will correlate among themselves. 

Vfe will trace tlie distribution of P369/P590 water area of the Gulf of 

Riga (Figure 2) . For this purpose, the rate of change in the quantity P 369 /P 590 
divided into six intervals vrtiich are marked on tlie nap by conventional desi.gnations . 
Ihis made it possible to isolate the following regions in the Gulf of Riga: 

I. Central part of tlie gulf and Irbenskiy Strait, throu^ vAiicn water exciiange 
with the Baltic Sea mainly occurs . Here the quantity of P 369 /P 590 ratio cnanges from 
0.9 to 1.35, vdiile to the southwest of tlie Rukimu Island it even exceeds these values. 
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II. Vast spaces of the nortli and east sections of tlie Gulf of Riga charac- 
terized values 0.6 Paeo/Psgo-O*^* 

III. Eoutiiem part of the water area of the gulf« its eastern coast and zones 

of shallow water around Ruklinu and Kikhnu Islands witli values P369/P590 0.4 to 

0.6 inclusively. 

IV. Sections with values P369/P590*^ vaat southeast zone of tlie gulf 

and in the F^amu Strait vdiere the currents carry away liignly proauctive water of 
large rivers Liyelupe, Daugava, Gaui and Fyaniu. 1b txie soutlieast of tne moutli of 
tile Daugava River tiie ratio P3(^9 /ps 90 diminisiies to 0.3 ana even less. 

It snould be noted tliat tiie large range of aiange in tne P359/P590 i^^tio (5- fold 
and nore) onacai^yaratively liniitea water area of the Gulf of Riga and bie positively 
traced geograpiiic laws governing its distribution irake this quantity very useful in 
stu<fyir^' the hydrological regime of the gulf. 

Tne limited number of sar.iples taken does not make it possible to make a reliable 
correlation between tlie concentration of yellow substance and the quantity of tlie 
^369/^590 -etio. however we attempted to determine tlie nature of tfiis link. It was 
found tiiat for clarity it is more oonvenient to use tiie opposite oorr&lation, i.e., 

<3(59 . Tne values ^ys3C9 divideu into three groups according to the site 
of water satr^le taken in limits of tne sections referring to a certain gradation in 
tlie quantity P369/P590 (Fig^^re 1) . For eaai group tlie average values 
P j9o/P3b9 their stanoard aeviations were oarputed. Hie obtaineu relationsnip 
is indicated in Figure 3. Tne standard deviations of the comparable quantities was 
also noted here. It is eatsy to see that the concentration of yellow substance in 
tne surface ’.raters of t*ie Gulf of Riga rises witii an increase in p i>9o/P369 ratio. 

Vvith nigh concentrations of yellcw substance tiiis dependence has a rougnly linear 


nature. 
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Figure 2. Distribution of Values P369/P360 over Water 
Area of the Gulf of Riga Aoooroing to Data 
of Flight on lb ana 19 September 1977. 
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Figure 3. Oonfarison of Concentration of 
^Yellcw Substnnoe" \g 369 and 
Ratio of the Coefficients of 
Bri^tness p 590 /^ 369 ^ Nisther 

of l^ter Areas in tne Gulf of Riga, 
liie average values and the stan- 
dard deviation fron tue averages 
by sani>lings are plotteu. 


Die basic possibility of developing a long-range metixsd for evaluating the con- 
tent of dissolveo substances of organic origin in sea waters follows from tne pre- 
sented data, however, in order to pinpoint the detected links, ana to evaluate the 
accuracy of the method and influence of other , possibly unoonsidered factors, it is 
necessary to further collect experimental data and perfect the measuraient technique. 

It is also required that an esqplanation be found for tlie fact ttiat for the rivers 
Daugava and Pyamu vAiich contain a very large quantity of suspended matter and dis- 
solved organic substances, the regression obtained for the waters of the Gulf of Riga 
(Figure 3) is not maintained. 
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METIWOD FOR LOCATING DISTURBED SEA-SURFACE bY 
DIVERGING LIGHT PULSE. PELEVIN, V. N. 


A new irethod is suggested for sea surface locatioi by a diverging short IR-light 
pulse. It is sliDwn tiiat widening of a pulse reflected by the surface makes it possible 
to evaluate the dispersion of deviations in the elements of the disturbed surface. The 
method is tested during location of tlie surface of tlie Bedtic Sea fron a lielicopter 
flying at altitudes 100 - 500 m. 


There are different methods for light-locaticn of a disturbed sea surface vhich 
iiave ti:e purpose of evaluating its different geoire\-rical characteristics 11 - 3, et 
al.]. VJhen tlie sea is illvminated at acute angles to tiie horizontal, tlie profile of 
tlie wave is restored according to the shape of tlie reflected pulse [1] . During loca- 
tion of tne sea surface from a helicopter, by directed sliort pulse at changing angles 
to tne vertical, depending on tne anplitude of tlie reflected signal on tne angle of 
location, tlie distribution function for the inclinations of tne surface elements is 
determined [2] . 


There is theoretical substantiation for tiie method of surface location by a 
vertically directed sliort pulse, in wiiich the distribution dispersion of tne surface 
altitude is evaluated fron the temporal ejqiansion of the reflected pulse 13, et al.] . 


Tills work providss substantiation and dsscrlption of S}<psriiiiBntal vsrlfication 
of tile new method. It consists of locating the surfaos of the sea by a very divert* 
glng short IR-llke pulse. It is sliown tiiat widening of the pulse reflected by the 
surface carries information about dispersion of ttm inclinations of tne surface 
elements, and with higii wind velocities, also about the quantity of foam on tne sea 
surface. 

Tile metliod is based on tlie following ccmoepts regarding tlie process of IR-pulse 
reflection by the sea surface. 

1. VSien tile water surface is lllvii\inated by laser radiaticm witli wavelength 
A » 1.06 (jm, the primary percentage of tlie back-'scattered signed is created by light 
which is mirror-reflected by tlie air-water interface, and namely, the areas oriented 
perpendicularly to the direction of the superposed source-receiver. Light x * 1.06 ^m 
vmicn enters under the surface, is intensively absoziied by water, therefore the per- 
oentage of liglit vdiich is diffusely reflected by the mass is relatively low. 

Z, Ihe intensity of tlie signal reflected ly the surface is proportional to the 
value of the distribution function of the inclinations w(nx«n y) argutients t^iat 
oorresponu to tlie angles of surface location from a .^lioc^ter. Tne course of tiie 
functions U(nx' oifferent dispersions of inclinations o ^ (i.e., uifferent 

"irregularity" of the surface) is sixjwn in Figtire 1. The distribution functions based 
on eiqjeriinental data are assumed to be normal. It is easy to see tiiat ciiange in dis- 
persion in inclinations results in a noticeable cnange in the value of the function 
Q, and this means, also tlie intensity of the reflected signal, both witli angles of 
location close to 0®, and with angles on tiie order of 10 - 20® (depending on the 
value of dispersioi o^). Foam on tlie surface is scattered according to Lambert's 



Figure 1. Couree of tlie Functions Qtix' 

for Different Versions of Inclin- 
ations 0 


We will make theoretical substantiaticm of long-range niethods for determining 
dispersion of inclinations of elements of tlie sea surfeK:e according to cne reflected 
pulse of a laser. The laser beem was defocused in limits of the angle - t from tlie 
vertical ( 16 - 20**) . Ihe angular diagram of the receiver of reflected radiation 

correspsids to tie same taper. Ihe axig of tlie light beam is vertical, like the ^s 
of the receiver. Reflection of light from different sections of the surface creates 
a shift in the reflected pulses in time because of difference in tlie patli through air, 
depending chi tlie angle of inclination of the incident radiation. Ihis effect creates 
expansion of the pulse. Tne influence of dispersion of elevations is not taken into 
consideration. According to eiqpansion of tlie reflected pulse, dispersion of inclin- 
ations of tlie surface elements is computed. 


Die calculated fomulas were derived as follows. Assume that tie laser pulse / 218 
with energy q J is uniformly distributed in limits of solid angle n . Die tenporal 
course of the pulse is described by the function p(x )s”^, and ^p(t )dr*s 1. Dien the 
power of the light which spread in tlie elenent of solid angle d<*>“8ee Figure 2,— 
equals '//Mt)- W . After reflection from the surface, each of the elements of the 
beams will be partially directed towards the receiver which lias ir^ut area S and is 
located next to tlie source at altitude h from the surfac^e. Die axis of tae visual 
field of the receiver is vertical. Its anguleu: aperture corresponds to the same 





Figure 2. Plan of Ixx:ation of DistuilDed Sea 
Surface by Short Diverging IR-Pulse 
fron telioopter. 

solid angle n « 2it(1 - ooi^) . A percentage of radiation equal to y(0) will return 
to the receiver fron each of the elementary beams ^ wtiere 0->angle of inclination of 
elementary beaiTt to the vertical. Ihis percentage will reach the receiver with time 
lag equal to (0) . As a result, the pcwer of the received signal will be 

«i(t) = J~ •y(0) p(t--q»(0)l'dw 

With conical configuratim of the incident beam dw»«=2nrfcos0, 

We will examine what appearance the functions y(0) and (}> (0) have. Hie proba- 
bility of development of a reflecting area in tiie zone of incidence of tlie elemen- 
tary beam is aescribed in tiie distribution function of the inclinations. We will 


ocmsider It not to be different from the normal: 




I 


_ Jli - jIl 

X. 


( 2 ) 


here »ly“*8®y5 ®x 0,,r“angles of inclination of tlie perpen- 
dicular in relation to ttie vertical, in tnK> mutually perpendicular planes. Tae proba- 
bility of incidence of tiie reflected beam in the receiver, correspondingly equals 

7 Q(nivO) .AO 


vdiere ^0— solid angle at which the ii^t opening of the receiver is observed from t ' 
center of the area. Viie niultiplier 1/4 takes into consideration the change in direc- 
tion of the reflected learn in relation to that vdiich falls on the tvio-fold angle of 
incidence. From obvious considerations (see Figure 2) : 


/y(6)«fr- 0 ( t ) i . O )> ~ cos’© 


(4) 

(5) 


F^ — coefficient of Fresnel's reflection for beams falling perpendicularly on tlie 


water surface (equal to 0.02). As a result 


(6) 


The function 4) (9 ) is determined from geometric considerations according to the 
difference in courses of the vertical anJ inclined beams: 




Now the shc^ of the received signal is generally equal to: 
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vihere the trlqoncnetrlc function 0 is unequivocally linked to If the function P 
wtiidi stands under theintegral is<S —function, the Integration is sinvii^i^s Aii 
tlie multipliers witli cliange in tlie variables are removed from the integral sign. 


We take into consideration that 


(9) 


It follows from ^6) and (9) 
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By introaucing the equipment constant into ti\e quantity -4'«^v!.02 — 


qsc 


8-in 


we obtain 


tne following dependence of the sliape of the reflected pulse on ^ 1 ° ^ and h: 
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It is ap^rent that the main parameter wliich ro(T) depends on, equals = t. Its 

meaning is tliat this is the dimensionless tiitie vdiere a unit corresponds to tlie time 
for passage by light of double distance between tlie flying object and the nearest 
point of the sea surface. VJb will peiss to tlie variable t: 

( 11 ) 
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This is Green' s function wliich describes reflection of the diverging <5 - pulse 
frcan the disturbed surface. We new take into consideration that, starting with a / 211 
certain wind velocity, the wave crests collapse and foam forms on tlie surface of 
the sea. We will designate the percentage of the surface covered by foam as 5 and 
tlie coefficient of reflection of foam as Hie product 5 = x is tlie equiv- 
alent percentage of surface which reflects according to Lambert's law witli albedo 1. 

The strengtli of lignt reflected by the Lambert surface illuminated by beam 


in direction of the receiver equals: 




( 12 ) 


vhile the level of the received signal 


<//A0= -i ,,,. 0 , 


Ihe signal received from the foam is obtained by integration 

,n,(j) = M. \‘ /; 1 ( s-oe I ) -T I cos«e</(o . 

nQ /i* ,» I c I 


(13) 


(14) 


If p(t )• - 6 -function, tiien ro(T ) —pulse transitional function: 

/ I 2/! 


where C-> 

Qh» 


m,(T)=- -in \p I (sect) 1) i I coa<0Jcos0 = 

nQ/i* 1 r 1 

~ J2i .2n + r-!~- =|.C.(/-f I)-®, 
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OSie tenioraJ. course of this function, as we see, does not depend on the quantity 
of foam, but only on ti^e altitude h, vdiile its siiape e^q^ressed tlirough dimensionless 
time is invariable. 


On the vtole, conuiderrtiori for foam on the surface results in sunmation of tlie 
tmo ITF obtained above. will oonpare their anplitudes (having dimensionality of 
power) : 


'«Mnx = 


0.02(/5c 
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We note wiat withOj^Oy-^O, i.e., in complete calm, the anplitude 
^proach ®, since in this case S cannot be considered a finite quantity. 

Uie order of the quantity o j^Oy for those wind velocities vmen foam develops , is 
o^oy = 0.01, v>hile tiie .lui.ierical multiplier before the expression for about 0.08- 
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this quantity will alirost always be greater tlian Z. it follows from here that the 
airplitude of tlie reflected signal will always be formed by the mirror reflection 
frcm the area, euid not l:y diffused scattering by foam. However, drop in the pulse 
with some noticeable cpiantity of foam will be governed by the latter. One can judge 
the quantity of foam on tiie water surface frcm the degree of widening of the pulse. 

We will examine in more detail the case of lew wind velocities in Which foam- 
formation is insignificant. 

Calculation of the values for the width of the function m(T) in thati with level 
0.5, e"^, 0.1 and 0.01 from the maximum, resulted in values presented in the table 
for different flight altitudes. Ihe dependence of on W is given from [4] . 

TABIE OF WimW OF REFLtjLTxLD PUISE IN hs. 


h w 

r m/ s 

a.0 

7 

Level 

1 

' OXMB 

0.0075 

SO 

\» 

2.4 

0.5 


2.0 

4.0 



3.8 

7.6 

0.1 


77 

16.5 

0,01 

too 

2.3 


0,5 


4j0 

8,0 



7.6 

163 

0.1 


15.5 

31‘ 

0,01 

•200 

47 

9.4 i 

0.5 


B.O 

16 i 

e-* 


15.3 

30,6 

OJ 


3i 

62 

OOi 

300 

7.1 

14J 

0.5 


12 

24 



23 

45.9 

0.1 


46,5 

9G 

0,01' 


by using the data of this table, or formula (11) one can estimate tne dispersion 
of surface deviations (witli wind velocities not exceeding 7 m x s“^) by widening of 
the short li^t signal reflected by tlie surface. 
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In the Baltic aunuer expeditlm of 1977 » an experimental verification was made 
of tlie method. A system including a laser on AIG with Nd emd receiver with high 
teirporal resolution was used as the helioopter lidar. The laser beam was defocused 
by the lens in limits of ~ 20* to the side and the receiver held the same visual field. 
Measurements were made at i.06 im. 


Ihe measurements of tlie dispersion of inclinations of tlie surface elements /223 
according to temporal expansion of the reflected pulse were made at different flight 
altitudes (from 100 to oOO m) . An example of the obtained pulses is given in Figure 
3, vdiich schenatically presents the initial pulse (1) and the pulse reflected from 
tlie surface from altituoe 200 m (2) . There is a noticeable increase in the wiatii of 
tlie reflected pulse because of the more gently slcping decline. Witli an increase in 
flight altitude f a furtlier expansiem of the pulse is observexi vaiich corresponds to the 
presented tlieory. Evaluation of dispersion of tiie inclinations yielded the quantity 
= 0.05 - 0.006. 'This approximately corresponds to that calculateo in [4] with 
the given wind velocity. It should be stipulated that wind velocity was measured not 
directly at tlie point of cAiservation, but on the shore, a distance of several kilo- 
meters. This circunstance does not make it possible to use the experimental results 
to evaluate the accuracy of the method. It is furtlier necessary to nake simultaneous 
measurements of wave action ty long-range and contact methods. 



Figure 3. Exanple of Obtained Pulse Reflected 
by the Sea Surface (2) and Illus- 
trated Together witii the Original 
Pulse (1) . 
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LASER MElbOD OF MEASURING DISPERSION OP DEVIATIONS /^24 

OF DISIURBED SEA SURFACE. STEMKOVSKI Y , A. I. 


A method is suggested for neasuring bie dispersion of inclinations of a disturbed 
sea surface with the lie Ip of a laser located on a flight craft. It consists of coni- 
paring power of two pulses of nanosecond duration reflected from tlie sea surface at 
different angles. Calculations of tlie optimal measurement conditions are presented. 

Publications [1, 2, 3, 9] have established the appearance of statistical distri- 
bution of surface elements of a disturbed sea according to tlie values of deviations. 
Tne value of dispersion of this distribution is necessary in order to solve a nunber 
of tasks of acoustics and optics of tlie sea, in particular, to calculate light fields 
under a disturbed sea surface [6] . 


In order to determine tiie dispersion of deviation, radar [5] ana aerial stereo' 
pliotograpiiy of the sea surface are used [7] . however, it is common knowledge that 
raoar metlKxis have lower resolution as oonpareu to optical, vdiile processing of 
aerial stereopnotographs requires considerable tine ei^)enditures. 




Publication [4] describes a method for detenuining dispersion of deviations by 
the increase in cturatiat of the diverging laser pulse of in&ared light of nano** 
second duration during reflection from the sea surface. 

Ihis article describes a method for determining the dispersion of deviations 
based on a oompeurison of the powers of two laser IR-pulses of nanosecond duration 
reflected by the sea surface at two different angles, l^ie sources of the pulses and 
the receiver were arranged next to eacn other on board a flight veliicle. The orig- 
inal pulse was divided wltli tiie iielp of a divider into two. One pulse was aiired on 
a vertical towards tlia surface - 0) > vniile tne second at angle 0^ (see tne figure) . 
Consequently, the reflected pulses fall on tlie receiver at a different tine. So tliat 
the pulses are not su^x^r}X)sed on tlie oscillogram, ano so tliat tii^ can be oonparec in 
anplitude, it is necessary for the difference in tlie patiis traverse by tiie pulses to 
exceed their duration. Since this difference in the course is detemdneu oy tne size 
of tlie angle 02 » the following conditions are placed on it 

•cosftj-cl ii) 

where c — light velocity'; 

T —duration of pulses; 

h— altitude of source of radiation and receiver above tiie sea. For exanple, 
with T SB 10 ns and h = 100 m, the angle O 2 I 8 . 5 ®. 

Ihe amplitude values for tne powers of the first and second pulses after reflec- 
tion are determined as follows: 

,n,= y Qi(0; 0).A0, 


(3) /225 



Figure 1. Plan of Sensing Sea Surface and Distribution 
of Deviations in Sensing Pleuie. Here p(n) 
designates the distribution in direction of 
wind transverse Q{0; n ). 


vghere and q 2 — powers of pulses before reflection; F^—ooefficient of reflection 
according to Fresnel, 

Q(nj^;n y) — density of prouability of distribution of deviations wiiich nas the appear- 
ance ( )) suggested in (9] and pinpointed in [2] . 

I r r/ 1 (4) /m 
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vAvere and Q^—angles of inclinations fton vertical in two 

nutually (perpendicular {.lanes, (Mie of id:ildi is oriented in direction of the wind; 

0 ^^ and (^^--dispersions of deviations; 

and A 02 '~ 8 olid angles at vdrLcli the inlet opening of tlie receiver is visible from 
the reflection point. 

‘ ,\0i=“ A02"= 008*02, 

vdiere S^— eurea of iniput opening of the receiver. 

Assuiu.ng that at tlie sites of reflection of the pulses, the (Sispersions are the 
same, we will write a logarithm for tlie ratio of (2) to (3) in the form 

3»L ^ ivl ^ In 'Hi |„/fe -)-3in cos 02 . 

'2in* ‘hy* fni 

where k designates the ratio q 2 Ali* 

Determination of tne unkncwn quantity ( ° y) from equation (5) is possible wiien 
wave action is isotropiv o direction of the wind is knam. In the 

latter case, we will assume either ~ ’^y ~ following equation will be 

(Xfimon for these cases 

-5ii =|n — 4 lii/f+3ln CO&02 (6) 

23* nti 

2 

which contains only one unknown, designated as o . 

During photographic recording of pulses from the oscillogr^h screen, and subse- 
c[uent pro<oessing of tlie oscillograms, it is convenient to select the parameter k sucli 
that 

In ft+3ln cos 02 ==O 

With0 .j = 10®, the parameter k = 1.05. then o*= ; — 

(6 ^ ^ Inms 
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It will be convenient to use this expzession in logeuritlmic reaction of the signals. 


Meeisurement of can be automated by oontxolling the quantity of peurameter k 
sudi that the condition is fulfilled all the time. In this case, from /227 

(6) by using the correlations 

cosOjn* -T T - I ; ln(l+H2*) ■•ni?. 

I i+ni* 

we obtain 

Hi! — . 

2ln*— 3nt* 

Vie will trace the dependence of the power of tlie secona inpulse on tne altitude, with 
regard for the fact tnat 


m* 



(7) 


*niis equality can be obtained from tlie condition (1) . It is apparent from it 
that the relationship betceen H 2 ^ ana h with h » c i is inversely prc^rtional. Taus, 
with lew altitudes , the angle 0 2 nust be large . The power of tl^ second inpulse in 
this case will be small because of the low probability of reflectioi at large angles. 
Witli high altitudes tlie power will also be low, since it diminishes inversely prop- 
ortional to the square of the altitude. Consequently, tliere is an altitude at which 
the second pulse iias tJ)e maximum power on tlie condition of separate reception with 
tile first impulse. 

We will rewrite equation (3) in tne form 

nil— (il+V) ^ [^] 

we will replace in it ri 2 according to (7) and will solve the task for finding 
the extreme. As a result, we can pass to the equation 

+o») /— 2o* =0 


where t » ct/ 2 h. Since o^«l> we can write 

ao*—o. 

The only actual root of this equation lies in the interval Because of the 

smallness of the root, it can be found from tlie equation 


from vitiich 




ho»» 


ex 

2o» 


f 


wiiere Oq — optimal altitude of sensing. Witii t * lo ns, Iiq “ 50 m for ■ 14.6 x 10”3 
(wind velocity W » 6.J n/s) ; hg » 280 m for > 2.7 x 10' ^ (w « l.b nVs) . The value 
of hexue axxi below is taJcen from (2] . 


We will examine tne basic sources of errors in this metliod. Random error of /228 
measurements of dispersion can be ocnputed according to the following fomula 


4 -) 

Aa« _ 4 Ae, , __2 . V”»» / 

a* sin 2 8, Inf k In 2 

z=» !2i- .*.cos»02-=exp[^l 
m, 1 2o’ j 


( 8 ) 


Inz 2 with optimal values h and n^. 


It is apparent from (8) that instability of the source does not influence the 
accuracy of determining dispersion. Decrease in measurement accuracy can occur be- 
cause of fluctuations in the quantities and m 2 , vhich m£^ be observed during 
reflection of tlie entire incident power of the beans from small angles of the dis- 
turbed surface. It is kncwn from {3, 10] that tliese fluctuations diminish Loth 
witli an increase in the illundnated area ana witii a rise in irregularity of the sea 
surface. Thus, sufficient measurement accuracy of dispersion can be reached by 
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reducing the level of fluctuations with an increase in divergence of the beam or 
increase in tlw maasuronent altitude. Gy knowing the law for distribution of fluc- 
tuations and the dependence of the parameters of this distribution on the dinensions 
of the reflecting field and the characteristics of wave action# one could ooirpute 
the optimal solid angle and U2 occupied by the beam. However# the authors did 
not know this information. 

The second factor wiiich significantly influences the accuracy of dispersion 
meemurement is foam on t#ie sea surface. When there is foam# part of the reflected 
signal will be governed by reflection from tiie mirror eueas# and part by tlie diffused 
reflection in the foam. For both pulses one can write 

— $|) * 

where Cj^-*peroentage of surface covered by foam. 

For signals from foam wiiich we will consider a Lambert emitter# expressions are 
obtained (see ( 8 ]} 

~ •Vr AOrCOSiA 
n 

— </j-10j*cos2A 

tl 

v^iere reflection^ 

■3382^5 and 00825— average cosines of reflection. WitJi 0^ ■ 0 oos^A * i an® 00S26 = 

008^2 ^ true. 

Vfe will find the ratio of to M 2 » will transform it to tiie following /229 
* cos»e 2 « 

l'3 Q»+V'co*3« 

V « b S. 

r. Fr 1-61 
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then 


If Z Is prassntsd in the form of cxp[^^]. 



where Op^-^paeudodisporeion of deviations, since this quantity is not the dispersion 
of true distribution of » viations, and depends on the parameter V, dispersion of 
true distribution of and tlie size of the angle 0^. Tables I and II Illustrate 
the depe n de n c e of tlie iiaeudodi^ersion cm and ^ 2 * ^ assume ^<2 ” ^ ^ ^h " 0 . 02 . 


TABLE X. WITH co»|A«b|, co»tA«l, Oi»i5,4’ I0"» g e,*6*. 


5i 

1 

5 

lO 

20 

10 


1.04 

, 1 

1,16 1 1,16 

\,m 

2.;^o 


The limiting value according to [11] equals 30%. 


TABLE II. WITH IO-» 4|,-I0%. 


^2 

6* 

r 

8® 

T 

10* 

\*h* 

1.27 

l.6i 

IJ2 

1.84 

2.00 


OONCUJSICMS AND REXXMlENDATia^S 

1. The examined nethod for cJetermuiing dispersion of deviations is adopted if 
the distribution of deviations is suLxirdinate to a normal law, i.e., the wind veloc- 
ities are not too great. 

2. With nonisotrcipic wave action, the plane of sensing (plane in vhidi botli 
beams lie) must be oriented initially in the direction of tlie wind, and then in a /230 
transverse direction to it. 
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3. Ths azinutJi of thmM two dlractlons can be detenninad from the naxinun and 
inininun aignal zef^^-^ted at angle during rotation of the eeneing plane. 

4. Iheze ie an optiiikix altitude which depends on the dispersion of deviations 
at which it is zeocmnended that measuzenents be made. 


5. In order to reduce systematic error introduced by foam in iraasurenent of 
dispersion* it io reooimiBnded that sensing be done with the anallest possible angles. 


6. Measurement of dispersion can be done with tne help of a laser of continuous 
action* covering vertical ana inclined beams in turn. 

In conclusion the autlv>r expresses his gratitude to V^KUm Nikolayevich Pelevin 
for statement of the task and discussion of the results. 
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MEASUREMENT CF OUR/A7URE DISTRIBUTION OF 
SURFACE ELEME24TS W A DISTURBED SEA. YU. 

G. BURTSEV, /iND V. N. PELEVIN /231 


Estimates are given for tVie curvature of small sections of a disturbed sea surface 
obtained by the method of {hotogrc^hing a ^stem of flashes when the sea is illumi- 
nated by an artificial light source. 


Measurements of the curvature of small sections of a disturbed water surface . 
were first made Soooly [1] under laboratory conditions. VJe used the method 

of A. Soooly in measurements on the sea. 


7h.e essence of the method is photographing with a short time lag a system of 
flashes created on the surface of the sea by a light source of finite dimensions. 
Orientation of the photo equipnent and the course of the beams are identical [2] . 
Primary processing of the materials consists of measuring the distribution of density 
spots on the film according to the dimensions with tlie help of a nvLcrosoope. The 
curvature of the reflecting surface elements is furtlier oonputed with the help of 
the formula 



vhere g — dimension of flash on the film; 

R — ^radius of curvature of the surface element forming the flash, 

2Cl 


L~-dianBter of the light source, 
f— focal distance of the camera, 

H»cd.titude of the camera above the sea surface. 


Measurements were made in the open sea from a ship, from a fixed scaffold at a 
distance to 400 m frati the shore, neeir the shore from a pontoon during implementation 
of the "Chemomor" program in tiie southern department of the Institute of Oceanography 
of the USSR Acadeniy of Sciences. During the esgicriments, measurements were made of 
the density functions of the probability Pv,(R“^) for distribution of surface elements 
by curvature R“^ witli different values of wind velocity W above the surface, in the 
interval 1.0 - 8.0 m/s. 

Distributio is P^(R"^) have the c^pearanoe of curves with one maximum whose posi- 
tion depends on wind velocity of the surface. The itaximum of the curves does not go 
beyond the limits of the range of values of curvature 4 - 7 x 10“^ an“^. This corres- 
ponds to the radii of curvature 25 - 14 an. The distributions are asyninetrical . The 
right branches (region of larger values of curvature) ire more gently sloping. 

Hie average values of curvature R^p increased with a rise in wind velocity. 

With W > 3.5 nv's, the experimental points are satisfactorily described fcy the regres- 
sion line 

(-1.26 !-2,n\¥') • 10-2 cm-'. ( 2 ) 


obtained by the method of least squares. The standard deviations for values of curva- 
ture witli W >3.5 nv/s increased linearly witli wind velocity. Hie regression line 
obtained by the method of least squares corresponds to the relationsliip 


o„= (-4,'I3+II,23«7) .10-2. CM 


-I 


(3) 


2G2 




The equations of linear regression ocn|>uted by A. Scooly for the quantity 
with 0 indicate the nore re^id increrae in the quantity with the Increase In wind 
velocity. Since the experinental conditions of ;i I'^noly in this work significantly 
differ, vriiile as far as we knew no otlier esqjeriments ujve been made to measure curva- 
ture of elements of the sea surface, tlien it is not possible to make satisfactory 
comparison of the data. 

Measurement errors in (R~^) vhen working according to this tedinique are 
formed of a) erroneous measurements of g on tlie microscope; b) errors caused b/ tlie 
use of a simplified expression; c) errors developing because of inaccurate value of 
ti% altitude of tlie camera above the distuihed surface. 

Evaluation of tlie quantity of these errors yielded as a sum the error of com- 
puting for the given range W not exceeding 30% of the measured quantity. 
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